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Abstract 
This MEng (Master of Engineering) research thesis evaluates the capabilities and 
limitations of line-scan thermography for the non-destructive evaluation of composite 
structures containing hidden defects. In simple terms, line-scan thermography is a 
state-of-the-art technique in which a focused line of thermal energy is transmitted into 
a material. The absorbed heat is then measured and analysed for the presence of 
defects and damage. Line-scan thermography has great potential for the rapid and low 
cost non-destructive inspection of composite structures for aircraft, automobiles and 
ships. In this project, theoretical research exploring the heat transfer physics was 
undertaken in conjunction with experimental studies to develop an optimum 
inspection regime for line-scan thermography. Relevant case studies of damage 
considered in this project include large voids, holes, foreign body inclusions at 
various depths, and impact damage in carbon/epoxy laminates. To this end, research 
was undertaken with the aim to qualify the potential of line-scan thermography as a 
fast and accurate non-destructive technique to detect and measure the size of defects 
in fibre-reinforced polymer composite structures. The benefits and limitations of 
using the line-scan thermography technique for the non-destructive inspection of 
composite parts during manufacture or in-service are described in this thesis. 
An introductory literature review discussing the scientific and technical literature into 
thermographic detection of defects in polymer matrix composites, conduction theories 
for anisotropic laminates, thermal properties of composites, and the principles of 
thermography including flash thermography, a critical study of line-scan 
thermography, as well the principles of ultrasonics and an overview and classification 
of defect types are described in Chapter 2. 
The capability of line-scan thermography to detect impact damage in carbon/epoxy 
laminates was experimentally investigated in Chapter 3. New experimental data has 
been produced and the results critically examined in the context of their relationship 
to visual inspection, ultrasonic and flash thermography for the detection of the impact 
damage and damage size. It is discovered that there is close correlation in impact 
damage size measured by line-scan thermography and C-scan (through-transmission) 
ultrasonics for non-crimp unidirectional fabrics and prepreg tape material, but an 
overestimation of damage size in woven and non-crimp multi-directional fabrics when 
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inspected from the non-impact side. From the impact side, in all materials, line-scan 
thermography overestimated the size of the impact damage whereas flash 
thermography underestimated the size. There was a close relationship between the 
ultrasonic profile and the line-scan thermographic thermal response curve. 
Back drilled holes and delaminations at various depths from the surface were 
experimentally investigated in Chapter 4. New experimental data has been produced 
and analysed for the ability of line-scan thermography to determine the defect as well 
as the defect size. It was found that line-scan thermography was able to distinguish 
back drilled holes, but it was not possible to determine accurate defect sizing due to 
the depth of the holes from the inspected surface and the limitations associated with 
the line-scan thermographic apparatus itself. On the other hand, line-scan 
thermography was capable of determining delaminations to depths of up to about 3 
mm, and for the defects closer to the surface it was found that the technique gave 
good approximations to the ultrasonics measurement of the delamination size. There 
was excellent correlation between the C-scan ultrasonics intensity curves and the line-
scan thermographs as well as excellent correlation with the theoretical results. 
The relationship between line-scan thermography and foreign body objects were 
experimentally investigated for carbon/epoxy composites in Chapter 5. Variations in 
the outer coating of the panels to monitor the thermal response to line-scan 
thermography and differing foreign bodies including Teflon®, thermoplastic film 
(backing paper) and stainless steel metal shim were used as examples in this 
experiment. A major limitation found with line-scan thermography is its limited depth 
penetration, which is highlighted in the foreign object study using 6 mm and 13 mm 
diameter Teflon® discs and 13 mm Teflon® strips embedded in carbon/epoxy 
laminates. Depth penetration allowed only 2 mm resolution for the 13 mm diameter 
discs and 1.5 mm resolution for the 6 mm discs in a composite panel. In a panel of 
similar thickness, the 13 mm strips had a resolution of about 2 mm. The results of the 
investigation of stainless steel shim objects in carbon/epoxy laminates reveal that line-
scan thermography is capable of determining their presence and size close to the 
surface. The results are dependent on how close the measurements are made to the 
line source due to the thermal properties of the shims. There was also excellent 
correlation between the ultrasonic response curve and the line-scan thermographic 
intensity curve. The results of the investigation of thermoplastic film foreign body 
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objects in carbon/epoxy laminates show that at present line-scan thermography does 
not have the capability to determine such defects. During the period of this project, 
post processing techniques in flash thermography were markedly improved to be able 
to distinguish thermoplastic film. The results found in this experiment highlight the 
potential for line-scan thermography and the requirement of further development in 
this field to further improve its non-destructive investigation capabilities. 
Experimental results show that line-scan thermography is capable of detecting large 
voids, back drilled holes, some foreign body objects, and impact damage. However, 
the ability of line-scan thermography to measure the defect dimensions is dependent 
on the size and type of damage, the distance from the line source, the depth of the 
defect, and the type of composite material.                                                   … 
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CHAPTER 1: INTRODUCTION 
1.1     INTRODUCTION 
Line-scan thermography is a state-of-the-art non-destructive evaluation technique in 
which a focused beam of thermal energy is transmitted into a material for the 
detection of hidden defects. Line-scan thermography has great potential for the rapid 
and low cost inspection of composite structures for aircraft. 
There are many non-destructive inspection methods available to detect flaws, 
inclusions and other defects in composites. These techniques include ultrasonics, 
radiography and conventional flash thermography. However, the potential of line–
scan thermographic evaluation for the rapid and low-cost inspection of composites 
has justified further research into this technique.  
Line-scan thermography is appropriate for the continuous inspection of composite 
aircraft structures during manufacturing. It can also accommodate curvature in the 
structure being examined. The advantages of line-scan thermography is that it is fast 
and accurate for detecting delaminations, foreign objects, large voids, porosity and 
impact damage. The disadvantages are few but include limited depth of penetration 
because of the low thermal conductivity of composites used in aircraft structures.To this 
end, the MEng research program described in this thesis was undertaken with the aim to 
achieve a greater understanding of line-scan thermographic techniques, and in particular 
to evaluate its suitability for the rapid inspection of carbon/epoxy laminates containing 
various types of structural defects. 
1.2     OBJECTIVES 
The objectives of the project are: 
• Evaluate the capabilities and limitations of line-scan thermography for the non-
destructive detection of defects (eg. delamination, foreign objects, impact 
damage) in fibre-reinforced polymer composite structures. 
Introduction: Chapter 1 
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• Determine the resolution of line-scan thermography for measuring the size and 
location of defects in composite materials.  
• Determine whether existing heat flow theory applicable to isotropic solids can 
be applied to model the through-thickness and planar heat flow in anisotropic 
composites subject to a line heat source. 
• To produce guide-lines for the optimum inspection conditions (eg inspection 
speed, beam intensity) for detecting defects in composites using line-scan 
thermography. 
This project was a collaborative study between Royal Melbourne Institute of 
Technology (RMIT), Defence Science and Technology Organisation (DSTO) and 
Hawker de Havilland (HdH) as a research task in the CRC for Advanced Composite 
Structures. The practical aim of the project was to provide DSTO and HdH with the 
capability to reliably and rapidly inspect aerospace composite components using the 
line-scan thermography technique. While this was a collaborative study, the research 
work presented in this thesis was performed by the author unless otherwise stated. 
1.3 THESIS OUTLINE 
A critical and in-depth review of the scientific and technical literature into 
thermographic detection of defects in composite materials is presented in Chapter 2. 
This includes a review of the principles of heat transfer for the one-dimensional and 
three-dimensional conduction theories for anisotropic laminates; heat theory for 
dissimilar materials; radiation and convection; and the laws of emissivity. A review of 
the thermal properties of composite laminates is presented, including analytical 
models for calculating the thermal conductivity and specific heat for composites as 
well. A review of non-destructive thermographic inspection techniques is also 
presented in Chapter 2, including a description of the operating principles of both 
active and passive thermography together with their advantages, limitations, and 
effectiveness when applied to composites. A critical review of line–scan 
thermography is undertaken, detailing the research that has been undertaken so far 
and the types of defects that have been used to study this process. Ultrasonic C-scan is 
used as the standard (bench-mark) NDE technique for all experiments in this thesis, 
Introduction: Chapter 1 
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and hence the operating principles of through-transmission and pulse echo ultrasonics 
is described. Finally, an overview and classification of the different defect types that 
occur in composites is presented. 
Research into line-scan thermography for the quantitative inspection of impact 
damage in carbon/epoxy laminates is presented in Chapter 3. A description of a line-
scan thermographic inspection device developed for this research project is presented. 
Following this, experimental data is presented for impact size measurements for 
visual, ultrasonic C-scan and flash thermography, and these results are compared with 
the line-scan thermographic data. Of particular interest in this chapter is the capability 
of line-scan thermography to detect barely visible impact damage (BVID), and how it 
compares to the other NDT methods. 
Composites with milled holes or artificial delaminations were manufactured to study 
the heat transfer response of line-scan thermography on defect size and depth in 
Chapter 4. In the case of the milled holes, the line-scan thermography results are 
compared to measurements using visual, C-scan ultrasonic and flash thermography. 
For the delaminations the results are compared with C-scan ultrasonics. Theoretical 
comparisons of the heat curve response to the experimental data were made for the 
milled holes and delaminations to provide insights into the heat flow in carbon/epoxy 
laminates. 
Composites with object inclusions were manufactured to study the heat transfer 
response of line-scan thermography on defect size and depth in Chapter 5. Three 
foreign inclusions were studied: Teflon®, stainless steel metal shim, and thermoplastic 
film (more commonly known as backing paper). As in Chapter 4, the results are 
compared to C-scan ultrasonics and flash thermography measurements. These results 
validate the use of line-scan thermography as a non-destructive evaluation tool for 
Teflon® and stainless steel metal shim, but show that for backing paper, line-scan 
thermography is not at a stage where it can be effectively used. 
Conclusions and recommendations are made at the end of each chapter and they are 
brought together in Chapter 6. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter provides a critical and in-depth review of the scientific and technical 
literature into the thermographic detection of defects in polymer matrix composites. A 
review of the principles of heat transfer for both the one-dimensional and three-
dimensional conduction theories for anisotropic laminates; heat transfer theory for 
dissimilar materials; radiation and convection; and the laws of emissivity is 
introduced. The thermal properties of composites are then discussed, including 
models for calculating the thermal conductivity and specific heat of composites using 
rule-of-mixtures theory as well as the effect of temperature on these thermal 
properties. The principles of thermography are fully described, including the 
operating principles of active and passive thermography together with their 
advantages, limitations and their effectiveness in composites. Active flash 
thermography (or pulsed thermography), which is a thermographic method of non-
destructive inspection (NDI), is discussed. A critical study of line–scan thermography 
is undertaken, detailing the research that has been undertaken so far and the types of 
defect that have been used to study this process. Ultrasonic C-scan is used as the 
standard NDI technique for all experiments in this thesis because of its wide-spread 
use in the composite industry. For this reason, the operating principles of through-
transmission and pulse echo ultrasonics is described. Finally, an overview and 
classification of the different defect types that occur in composites is presented. 
2.2 PRINCIPLES OF HEAT IN SOLIDS 
Whenever there exists a temperature gradient in a medium or between media, heat 
transfer occurs and this heat energy is always transferred from the body with the 
higher temperature to the lower temperature body. The temperature distribution in a 
body is dependent on three coordinates, x, y, z, and on time, t, and is expressed by the 
function T(x, y, z, t). Heat transfer in a body occurs until thermodynamic equilibrium 
is reached and in the case of energy transfer by radiation occurs even at thermal 
equilibrium.  
Chapter 2: Literature Review 
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There are three types of heat transfer: conduction, convection and radiation heat, 
which are outlined below.  
2.2.1 Conduction  
Conduction heat transfer is described as the transfer of energy from the more 
energetic to the less energetic particles within a body due to the interactions between 
the particles [1]. Conduction occurs between solid or fluid mediums or among parts of 
a body [2]. Different materials conduct heat at different rates, and this is measured by 
the thermal conductivity of the material. Conduction occurs via collisions between 
thermally excited atoms and molecules and the subsequent transfer of kinetic energy 
in solids, liquids and also by the vibration of structure [1].  
2.2.2 Convection  
Convection heat transfer occurs between a solid and a moving fluid or between a fluid 
and another fluid, which are at different temperatures [1, 2]. Two solid bodies will 
exchange heat energy by convection if they are in contact with a fluid [1, 2]. 
Convection heat transfer is a macroscopic movement, where the large numbers of 
fluid molecules move collectively as well as through diffusion via random molecular 
motion [1]. This motion, in the presence of a temperature gradient, contributes to heat 
transfer. Since the molecules in the aggregate retain their random motion, the total 
heat transfer is due to a superposition of thermal energy transport and conduction by 
the random motion of the molecules and by the bulk motion of the fluid [1]. 
2.2.3 Radiation  
Thermal radiation is unlike conduction and convection in that it is propagated at the 
speed of light from a surface via the emission and absorption of electromagnetic 
radiation. The very nature of thermal radiation allows for infrared energy to travel 
from target to detector and is thus used in infrared thermography [3]. Thermal 
radiation is energy emitted by matter that is at a finite temperature, and regardless of 
the form of the matter the emission is attributed to changes in the electron 
configurations of the constituent atoms or molecules. The energy of the radiation field 
is transported by electromagnetic waves [1].  
Chapter 2: Literature Review 
___________________________________________________________________________________ 
- 11 - 
2.2.4 Emissivity 
Radiation that is emitted from a surface originates from the thermal energy of matter 
bounded by the surface, and the rate at which energy is released per unit area (W/m2) 
is called the ‘surface emissive power’, E [1]. The maximum limit to the emissive 
power is called an ‘ideal radiator’ or ‘blackbody’ and is prescribed by the Stefan-
Boltzmann law: 
 Eb = σTs4                                                    (2.1) 
where Ts is the absolute temperature (K) of the surface and σ is the Stefan-Boltzmann  
constant ( 5.67 x 10-8 W/m2). The heat flux emitted by a real surface is less than that 
of a black body at the same temperature, and is given by: 
Eb = εσTs      (2.2) 
where ε is a radiative property of the surface and is called the emissivity. Emissivity 
values range between 0 < ε < 1 and indicate how efficiently a surface emits energy 
relative to a blackbody, (ε =1) [1, 3]. 
Infrared thermography works best with surfaces of high emissivity [2]. High 
emissivity is important for several reasons, including: 
1. The emission of higher intensity radiation at a given temperature, thus 
providing a larger signal for the infrared detector. 
2. High emissivity surfaces are poor reflectors as opposed to low emissivity 
surfaces which reflect radiation from other sources. The infrared detector can 
hence detect energy unrelated to the temperature of the object being examined 
and this can contribute to the noise of the test and reduces the sensitivity of the 
details of interest. 
3. High emissivity surfaces absorb more radiant energy and can be effective in 
inducing a thermal gradient in the test sample which can be advantageous in 
many infrared thermal tests [2]. 
Emissivity changes are a major source of error with thermographic detection methods, 
and measures must be in place to keep the emissivity constant. This is achieved most 
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successfully by coating the test surfaces with materials that possess a uniform, high 
emissivity value (typically in the range of ε = 0.7 to 0.9). A uniform emissivity is 
required for temperature estimation, while a high emissivity is required to provide a 
larger radiant intensity [2].  
2.2.5 Thermal Properties of Composite Laminates 
There are three basic thermal properties which lay the foundation for any conduction 
analysis of a material; thermal conductivity,κ, specific heat, Cp, and density, ρ. Both 
thermal conductivity and specific heat are dependent on temperature, a fact that 
results in the heat conduction equation being non-linear over a wide range for 
composite materials [4]. Density is also temperature dependent due to thermal 
decomposition of the polymer matrix. Some experimental and theoretical methods for 
the determination of thermal conductivity and specific heat are outlined below. This is 
by no means a comprehensive review of all the available methods.  
2.2.6 Thermal Conductivity 
By definition, thermal conductivity is a material heat transport characteristic 
responsible for the attenuation of heat flux - especially in the steady-state case [2]. It 
is defined by the equation, [5]:  
 
L
T
A
Q
∆
∆=κ      (2.7)  
where Q is the amount of heat passing through a cross-section, A, and causing a 
temperature difference, ∆T over a distance of ∆L. Q/A is the heat flux causing the 
thermal gradient, ∆T/∆L [5].  
The thermal conductivity of carbon fibre composites varies greatly, depending upon 
the constituent materials, fibre orientation and fibre volume fraction. The 
determination or measurement of thermal conductivity is time consuming and delicate 
to perform, particularly for samples of small cross-sections [6].  
The measurement of thermal conductivity always involves the measurement of the 
heat flux and temperature difference [5]. When the measurement of the heat flux is 
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performed directly, the measurement is called absolute. When the heat flux 
measurement is done by comparison it is termed comparative [5]. The following 
experimental methods used to determine thermal conductivity in composites include 
the guarded hot plate method, flash method, Sweeting-Lui method, surface probe 
method and moving line source method. Theoretical methods used to determine 
thermal conductivity and specific heat include: rule of mixtures, finite difference 
method, long waves, shear loading analogy, and simple inverse approach. 
2.2.7 Guarded Hot Plate 
The guarded hot plate is a traditional method for determining thermal conductivity, 
and is an absolute measure. This method requires the placing of a solid sample of 
known dimensions between two temperature controlled plates, Figure 2.1 [7]. To 
determine the thermal conductivity two conditions need to be met: (i) the 
establishment of steady-state conditions and (ii) the measurement of unidirectional 
heat flux in the metered regions, the temperatures of the hot and cold surfaces, the 
thickness of the specimen, and other parameters which may affect the unidirectional 
heat flux through the metered area of the specimen [5]. The guarded hot plate uses a 
calibration system with specimens of known thermal conductivity to determine the 
coefficient of thermal conductivity. At equilibrium the Fourier heat flow equation 
applied to a test stack becomes [5]: 
Rs =  F [( Tu - Tl )/ Q] - Rint    (2.9) 
where Rs is the thermal resistance of the sample, F is the heat flow transducer 
calibration constant, Tu is the upper plate surface temperature, Tl is the lower plate 
surface temperature, Q is the heat flow transducer, and Rint  is the interface thermal 
resistance. The thermal conductivity,κ, of the test sample is then calculated from  
κ= d/Rs      (2.10) 
where d = sample thickness. 
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2.2.8 Flash Method 
Parker and Jenkins [8] describe a flash method of determining thermal diffusivity, 
heat capacity and thermal conductivity. This is a direct method whereby the test 
material is rapidly heated on one side with a non-uniform thermal heat impulse or 
laser flash and the resulting temperature rise is measured on the other side [7-11]. The 
thermal diffusivity is determined by : 
21
2
238.1
t
L
pi
α =
      (2.11) 
where t1/2 is the time required for the back surface to reach half the maximum 
temperature rise and L is the sample thickness.  
Provided the specific heat and density of the material are known, the thermal 
conductivity can be determined by: 
pCαρκ =      (2.12) 
This method can be used to determine both the in-plane (in the plane of the sample 
face) and through-thickness (perpendicular to the sample face) thermal diffusivities 
and the in-plane and through-thickness conductivities [12], using various heating 
methods including a laser flash system [10] or flash tubes [11, 12]. 
 
 
Figure 2.1  Guarded Hot Plate. 
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2.2.9 Sweeting-Liu Method  
Unlike other diffusivity and conductivity test methods, the Sweeting-Liu method does 
not involve the use of specialist equipment. Conductivity testing is conducted in two 
parts; one for the in-plane properties and one for the through-thickness properties. The 
test set-up is designed to produce one-dimensional heat flow in the laminate in order 
to minimise the number of unknowns and to simplify the heat equation [13]. The 
configuration for the in-plane test involves three identical parallel composite 
laminates heated on the left-hand edge by electrical foil heaters in a manner that 
reduces heat convection to the atmosphere, and the radiation absorbed by the laminate 
is similar to what is emitted, Figure 2.2 [13].  
 
The through-thickness test consists of an assembly that can be raised and lowered 
above the hot plate. The test assembly involves cork spacers, aluminium plate and 
insulation attached to the top, Figure 2.2 [13]. 
For the required temperature, all testing is conducted in an oven where thermocouples 
are attached to the apparatus and temperature readings are taken at 200C intervals after 
themal equilibrium has been achieved at each temperature interval. The thermal 
Figure 5.48  Ultrasonic C-scan of panels with backing paper. Images grey scale 
modified. 
Figure 2.2  Schematic for in-plane testing. 
   
Vacuum Bag Thermocouples Spacers
Heaters Laminates
Insulation (Kevlar)
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conductivity can be determined from the temperature measurements using an inverse 
approach with an error function defined as, [13]: 
( )[ ]∑
=
−=
n
j
jj
num TTd
1
2
expκ    (2.13) 
where T is the temperature,  and subscripts ‘num’ and  ‘exp’ stand for numerical and 
experimental, respectively. 
2.2.10 Surface Probe Method 
Surface heat sensors determine the heat flow from one material to the other. It is a 
non-destructive and rapid testing method taking between 1 and 60 seconds and has no 
sample size limitation [7]. The surface probe is a one-sided interfacial heat reflectance 
device; that is, the probe supplies the heat source and detects the one-directional heat 
flow. It consists of three parallel nickel ribbons connected to electrical circuitry 
providing a constant rate of heating with time, with the outer strips acting as thermal 
guards, forcing the heat flux vector to be perpendicular to the probe surface with the 
centre strip used to monitor the temperature [14]. When placed against a flat sample 
surface, the temperature rise depends on the thermal properties of the sample and can 
be determined by, [14]: 
( )21
2
1
pC
QtT
κρ
∝       (2.14) 
where T is the surface temperature, t is the time elapsed after heating, and Q is the 
centre strip constant heating source [10]. 
2.2.11 Moving Line Source Method 
The use of a moving line source to determine the thermal diffusivity of samples in 
both the surface normal and in the direction of the motion of the line source [15]. 
Provided the specific heat and the density of the material are known, the thermal 
conductivity can thus be determined by the relationship in Equation 2.12. Accurate 
determination of the thermal diffusivity requires a significant heat flux in both 
directions, which depends on the velocity of the heat source [15]. To determine the 
thermal response in the surface normal an extreme case is used where the source is 
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moved so fast that there is no significant heat flow in the specimen after the source 
has passed. This is equivalent to flashing the specimen. To determine the thermal 
response in the direction of the line source, the line source is moved so slowly that the 
thermal response is dominated by the in-plane transport. The temperature at the point 
of interest is close to the maximum value before the source arrives at the point. The 
shape of the resulting curve is then compared to the theoretical response that has been 
described by [15]. Winfree et al., 2001 has also established a method of determining 
both the in-plane and surface normal diffusivities from a single measurement using a 
scan velocity somewhere between the two extreme values. 
2.2.12 Theoretical Approach for the Determination of Thermal Conductivity 
The theoretical approach to determine thermal conductivity of composite laminates 
enables the estimation of heat flow in any direction [9]. Several methods can be used 
to calculate the conductivity; but the discussion is confined here to the most common. 
2.2.13 Rule-of-mixtures  
For homogenous fibres of thermal conductivity (κf) embedded in a resin matrix of 
thermal conductivity (κm), the thermal conductivity (κp) of the composite parallel to 
the fibre axis is given by [16]: 
 
κp = κfVf + (1-Vf) κm        (2.15) 
where Vf is the fibre volume fraction. The thermal conductivity for heat flow in the 
direction perpendicular to the fibre axis is determined by the equation, [16]: 
m
f
f
f
t
VV
κκκ
)1(1 −
+=          ( 2.16) 
which gives a lower limit value and assumes a layered (laminate) structure. An upper 
limit value for the transverse thermal conductivity is given by, [16]: 
 κp
 
= κfVf
 
+ (1-Vf) κm
     
  (2.17) 
A modified equation for the upper limit is:   
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where Vm is the volume fraction of the resin matrix, which is assumed to present a 
continuous path for heat flow [16]. 
Transverse heat flow through a simple composite material can be considered as heat 
flow through a two-dimensional body, since all sections perpendicular to the fibre axis 
are the same. Hence: 
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assuming the thermal conductivities are constant with respect to temperature. The 
determination of thermal conductivity relies only on the fibre volume fraction and 
does not affect the solution if the model is a square slab or a cylindrical fibre model 
[17]. 
 2.2.14  Shear Loading Analogy 
This method develops expressions for the thermal conductivities of unidirectional 
fibrous composites in directions parallel and normal to the fibres arranged in square, 
cylindrical and hexagonal arrays [18]. In the fibre direction the model assumes that 
fibres and matrix are connected in parallel. The thermal conductivity in the fibre 
direction is then calculated using, [18]: 
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In the direction normal to the fibres, the model assumes an analogy between shear 
loading and heat transfer and hence a series expression is used [18, 19]. The thermal 
conductivity for square fibre and square packing arrays are described [18]: 
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where B ≅ 2(κm/κf – 1) 
and for cylindrical fibres arranged in a square pattern, the thermal conductivity is 
calculated using, [18]: 
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2.2.15 Method of Long Waves 
This model predicts the thermal conductivity for unidirectional composites with an 
arbitrary number of different constituents [20]. This analysis uses a method first 
introduced by the solid state physicist Max Born and is known as the ‘Method of long 
waves’ [20]. The method considers plane waves, in this case thermal waves, travelling 
through the material with wavelengths which are long compared with the inter-
component spacings. By calculating their damping coefficients in the principal 
directions of the medium, explicit expressions for the average thermal conductivities 
can be obtained [20].  
The general equation for a two-phase composite with isotropic constituents (i.e. a 
square lattice composite with circular fibres, a rectangular lattice composite with 
elliptical fibres or a lamellar composite), the transverse thermal conductivity can be 
determined by the equation [20]: 
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where Vf is the fibre volume fraction, p is the ratio of the two constituent thermal 
conductivities and n =1, 2, 3 describe the thermal conductivities perpendicular to the 
interfaces of a lamellar, square and cubic composite, respectively [20]. 
2.3 THERMOGRAPHY 
Thermography is a non-destructive inspection method that relies on the application (or 
removal) of heat that causes changes to the surface temperature of the inspection 
material which is monitored using an infrared imager. Thermography is divided into 
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two types: active, in which the response of the test material to an applied external 
heating or cooling transient is monitored; and passive, in which the naturally 
occurring temperature of the material is compared to the ambient [21]. In both cases, 
the resulting thermal patterns, known as thermograms, are used to diagnose surface 
thermal behaviour of the test material. The analysis is usually conducted using an 
infrared camera, and anomalies in the surface temperature distribution reveal the 
presence of defects. For a complete thermographic analysis, an understanding of the 
"history" of the material is required to obtain the best results. Below is a list of the 
properties and characteristics required to fully understand a thermographic analysis: 
• Thermal properties: conductivity, diffusivity, effusivity, specific heat, heat 
flow, infrared radiative heat flow. 
• Spectral properties: emissivity, absorption, reflection, transmission 
• Other properties-characteristics, including porosity, fibre content, thickness; 
the performance of infrared imaging instrumentation [21-25]. 
2.3.1 Active Thermography  
2.3.1.1 Operating principles 
Active thermography is a non-destructive inspection method whereby the surface of a 
test specimen is heated or cooled by some means of external energy including infrared 
line-scanners, flash lamps, heat lamps, forced hot or cold air, electromagnetic 
induction, microwaves, and ultrasonic energy [21]. This type of excitation leads to 
thermal perturbations of defects in the test material, which are observed by 
thermograms, Figure 2.3 [2]. 
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There are two modes with active thermography: reflection or pulse-echo mode where 
the heat source and camera are on the same side of the test specimen, Figure 2.4(a), 
and the through-transmission mode where the heat source and the camera are on 
opposite sides of the test structure, Figure 2.4(b) [21]. The pulse-echo mode is best 
suited to detect defects close to the heated surface and the through-transmission mode 
is better for the detection of deeper defects [21]. 
 
Figure 2.3  Schematic setup for active infrared thermographic nondestructive evaluation. 
Drawing shows reflective scheme for the Lockin technique. 
Figure 2.4  Observation methods: (a) reflection; (b) transmission. 
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2.3.1.2 Advantages 
Due to the fact that active thermography is a non-destructive and non-evasive method 
of analysis, specimen inspection can be readily completed with minimum access 
requirements. Since the resulting output is of a visual nature, this can lead to 
immediate interpretation by skilled practitioners and provides a secure environment 
for the practitioner as no harmful radiation is involved [26]. Active thermographic 
techniques, as opposed to other methods of inspection, do not require systems to be 
shut down to permit safe access and close inspection [23], and can be used for 
examining large structures such as composite wings or fuselage sections [21] in a few 
seconds [27]. Active thermographic techniques have great versatility of application 
including detecting moisture ingress and delaminations in composites and disbonds in 
adhesive joints [22, 28]. 
2.3.1.3 Disadvantages 
Difficulties in achieving uniform heating over a sufficiently large region can be a 
problem with active thermography. Also, the fact that observation time is proportional 
to the square of the depth of the defect and the loss of contrast is proportional to the 
cube of the depth indicates that generally, observable defects must be close to the 
surface and of weak contrast [21, 29, 30]. The effect of thermal losses (conductive, 
convective, and radiative) which induce spurious contrasts affecting the reliability of 
the interpretation [31]; the cost of the equipment including the IR camera and thermal 
stimulation unit; the ability to inspect a limited thickness of material under the surface 
and emissivity problems, must be considered [26].    
Both sides of a test specimen are not always available for inspection. With active 
reflective thermographic analysis there is a higher resolution, however the depth of 
analysis is less [21]. On the other hand, with transmission analysis, the depth of 
analysis is larger, however the resolution is poorer and hence more sensitive analysis 
equipment is needed. Another limitation with active transmission analysis is that the 
discontinuity depth can not be estimated because the travel distance is the same 
regardless of discontinuity depth [21, 22]. 
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2.3.2 Passive Thermography 
2.3.2.1 Operating principles  
Passive thermography is a thermographic method whereby the monitoring of heat 
flow in a specimen results from the comparison with the ambient temperature, with a 
specific level or some other reference. In passive thermography no external heating or 
cooling is required. An infrared camera is directed at a test specimen to be inspected 
with no additional external heating, Figure 2.5 [21]. Passive thermography relies on 
the natural heat distribution over the surface of a structure and hence, temperature 
differences between or within the test specimen and the ambient, enable temperature 
thermograms to be generated. Passive thermography is generally employed for non-
destructive evaluation of buildings, components and products, and as qualitative 
measure of abnormal behaviour to pinpoint anomalies [21, 32, 33]. A temperature 
difference (∆T) with respect to the surroundings of 1 to 2 0C indicates suspicion of a 
problem, whereas a ∆T above 40C is strong evidence of an abnormality in the system 
[21]. In some cases, such as the electrical industry, very small temperature changes (1 0C) 
can affect the results [21]. 
Applications using passive thermography are numerous and widespread in use. 
Passive thermography is used in process and product monitoring, especially in the 
fabrication of metal, paper and glass. These materials have a normal absolute value of 
temperature, and any variation in this temperature indicates an abnormality [21]. 
Figure 2.5  Schematic setup for infrared passive thermographic non-destructive evaluation. 
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Passive thermography is used extensively in preventative maintenance. Components 
that are made correctly in all respects can however, degrade over time. Passive 
thermography is used to determine the quality of materials, age and environmental 
conditions. Passive thermography is used in this purpose where components with a 
normal operating temperature range can be monitored against a standard to determine 
if internal temperature changes are evident [21]. In the case of the building industry 
[34], heat loss in building structures can be determined by taking thermographic 
images, thus quickly and accurately determining heat spot locations where damage 
may be present, Figure 2.6 and Figure 2.7 [34]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Rear elevation of a masonry house. 
Figure 2.7 Passive thermographic image which 
represents the rear of masonry house: Colour 
graduation represents temperature scale of -30C to 
7.30C. 
Chapter 2: Literature Review 
___________________________________________________________________________________ 
- 25 - 
2.3.2.2 Advantages 
Advantages of passive thermography include: early detection of component problems 
thus reducing repair costs and labour and operational costs; minimal need for surface 
conditioning and changes; surface paintings in order to have uniform emissivity; 
reduction of unnecessary wear and tear of equipment and the improvement of quality 
and operating conditions and no interaction or physical contact with the specimen [21, 
35]. Passive infrared thermography is capable of imaging large surfaces and showing 
qualitative variations in penetration depth (i.e. consolidations) and/or respiration 
behaviour (i.e. moisture impact), appearing as surface fluctuations on thermal images 
[36]. 
Passive thermography has the ability to provide information about a specimen during 
normal operation in real time from a safe working distance [2]. 
2.3.2.3 Disadvantages 
Limitations of passive thermographic techniques arise from changes in ambient 
conditions and variations in the emissivity of different surfaces. If there are no 
naturally occurring thermal contrasts, passive thermography will not work [37]. The 
thermal scanning must be performed under steady-state conditions [38, 39]. Situations 
where thermal imaging may not be appropriate include varying climatic conditions; 
for example, high wind can impede the effectiveness of outdoor studies due to surface 
temperature shear effects. Rain can cause surface temperature cooling, thus masking 
thermal effects below the surface [23].  These examples demonstrate the capability of 
thermal imaging in situations where the climatic conditions can vary sufficiently to 
affect the results [23]. 
2.4 FLASH THERMOGRAPHY 
Flash Thermography (also known as Pulse Thermography) is one of the most 
common forms of active thermography [2]. Flash thermography relies on a quick 
burst of heat energy that lasts for a few milliseconds for highly conductive materials 
such as metals to a few seconds for low conductivity materials such as plastics and 
polymer laminates [2]. The transient temperature rise of a few degrees is not long 
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enough to cause damage to the test material. The material is analysed during the 
heating or cooling phase following the application of heat energy [40, 41]. 
Qualitative flash thermography is described as follows. An initial spatially-uniform 
external thermal energy event normal to the inspection material occurs causing a 
sudden increase in temperature. The thermal front propagates through the material via 
conduction. However, in the presence of a defect, including delaminations, voids and 
disbonds having a thermal resistance greater than the bulk material, the heat wave is 
reflected back causing a surface temperature change with respect to the surrounding 
areas where there is no defect. Deeper defects will be observed later due to the longer 
time taken to reach them [21, 29, 42]. The time taken for the thermal wave to be 
reflected back to the surface is inversely related to the thermal diffusivity of the 
material and directly proportional to the square of the defect depth [21, 43, 44], and is 
determined by  Equation 2.26 and the loss of contrast is proportional to the cube of the 
depth of the defect [21, 29, 44] Equation 2.27. 
 
α
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t ≈         (2.26) 
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C ≈      (2.27)  
where t is the observation time, z is the depth of the defect, α is the thermal 
diffusivity, and C is the contrast thermogram level. The contrast thermogram level, is 
a complex parameter that is dependent on several variables. A full description of the 
measurement of C is given in references. Due to the fact that pulse thermography has 
a spreading thermal front, where the heat energy disperses in all directions through the 
test specimen, the resulting thermograms of the discontinuities appear with weak 
contrast and only shallow defects are clearly observed. There is a rule-of-thumb that 
states the radius of the smallest detectable discontinuity should be at least one to two 
times larger than its depth under the surface [21]. This rule is only valid for 
homogeneous isotropic materials. 
Major attractions of pulse thermography are that it is fast, single-sided and non-
contact.  Phase and modulation images are available with frequency processing [21] 
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and can be used for large area examination [24]. It also has the advantages of 
repeatability and uniformity [21]. These attributes enable the technique to be used for 
process control inspection of sandwich structures for impact damage [24], aircraft 
structural components [45, 46], solder quality of electronic components, spot welds 
[21], as well as water entrapment in buildings [47], and fresco delamination [47, 48]. 
Flash thermography has been used successfully in the detection of metal corrosion 
[49], cracks [50], disbonds [50], impact damage in composites [51-53] and turbine 
blades [54]. It has been used in the characterisation of defects (depth, size, properties) 
in composites [55], detection of glue deficiency in laminated wood products [56], 
steel making [57], and adhesion integrity of plastic welded joints [58]. Flash 
thermography has also been used in determining thermophysical properties including 
diffusivity, heat capacity and thermal conductivity [8], underalloying and overalloying 
of coatings on steel [59], moisture content in brick and plaster [39], anisotropic 
characterisation and image processing of carbon fibre laminates [60], and 
measurement of conductive heat flow rates and visualisation of flow fields in 
composite structures  [61]. 
The main limitations with Flash Thermography can be categorised into: non-even 
emissivity, non-uniform heating, and shape problems [55]. 
1. Emissivity is a surface phenomenon dependent on the surface condition and 
composition [55]. Emissivity is defined as the ratio of the total energy radiated 
by a surface at a given temperature to the total energy radiated by a blackbody 
at the same temperature. A smooth surface has a lower emissivity than a rough 
surface, and hence the thermal contrast of the thermograms of a rough material 
will be uneven and can cause confusion in defect detection [2]. 
2. Uneven heating of the inspection specimen can be caused by the lack of 
homogeneity in the heat source [55]. Uneven heating leads to a low frequency 
pattern on the surface of the inspection material, thus leading to confusing 
contrasts in the resulting thermogram [2]. 
3. Shape problems are caused by the 3-D shape of the defect that influences the 
energy distribution on the surface. These concerns are brought about due to the 
surface orientation with respect to the source, and the depth variation where 
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the thermal attenuation is proportional to the distance-source-inspected object 
[2, 55]. 
There is a limit to the inspection size in any one flash session, and pulse 
thermography has a limit of inspection of about 0.25 m2, Figure 2.8 [2].  
 
2.5 LINE-SCAN THERMOGRAPHY 
Line-scan thermography is a state-of-the-art technology in thermal non-destructive 
inspection. Line-scan thermography is used to detect defects present beneath the 
surface of a laminate. The resulting heat flow in the specimen produces a temperature 
difference between the defect area and the surrounding and is monitored on a 
computer [21]. Line-scan thermography involves heating the test panel with either 
quartz line lamps, heated wire, scanning laser, induction currents or a line of air jets 
(cool or hot) [21]. The specimen is moved under the line heat source and 
measurement systems which are fixed in a stationary position [2, 62-64]. 
Alternatively, the source and system are moved at a constant velocity over the 
stationary specimen [15, 65-67]. The principle behind line-scan thermography 
involves the line source generating a lateral heat flow in the direction parallel to the 
scanning direction [62] which enables more efficient coupling of the energy into the 
specimen and reducing power requirements [68]. Due to the fact that heat diffusion 
takes time to dissipate throughout a material, the temperature at a particular point on 
Figure 2.8  Pulse Infrared Thermographic surface inspection indicating limitation in observation 
area. 
Legend 
1. Sample 
2. Thermal stimulation source 
3. Infrared detection and processing system 
4. Surface temperature profile 
5. Observation area  
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the test panel will reach a maximum some time after the line heat source has passed 
[21, 69]. The moving line source is followed by a thermal wake [21, 70]. The thermal 
wake of defects can be sensitive to anomalies in the test material including the type, 
size, depth and thermal properties [69]. The surface temperature measurements are 
reliant on the thermal wake reaching the defect and being reflected back to the 
surface, causing a time delay between heating and detection [67]. 
To account for heat diffusion through the test material, the thermal detection 
apparatus is situated at a pre-defined distance away from the line-heating source, 
Figure 2.9 [69]. The optimum distance of the detector is determined by the diffusivity 
of the test material and the scanning velocity. If the detector is too far from the line 
source then too much cooling of the test panel will occur and hence the accuracy in 
the detection of flaws is diminished. On the other hand, if the detector is too close to 
the line source then adequate heat diffusion will not occur and hence once again 
accuracy in the detection of flaws will be diminished.  
In the case of an anisotropic material, such as a composite where the carbon fibre 
orientation is parallel to the surface, the heat transfer is from one fibre to another, 
resulting in poor conductivity [66]. The polymer matrix that binds the fibres further 
hinders the heat flow in the perpendicular direction which results in the through-
thickness thermal conductivity being about one-half the value in the fibre direction [2, 
71]. 
Legend 
1. Sample 
2. Thermal stimulation source 
3. Infrared detection and processing system 
4. Surface temperature profile 
5. Observation area  
 
Figure 2.9 Configuration for Line-Scan Thermography. 
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Line-scan thermography generates heat flow in the lateral irection of the line source 
movement (y-direction) coupled in addition to the heat flow in the surface-normal 
direction (z-direction), Figure 2.10 [66, 67]. For instance, when there is a 
delamination in a composite test piece, the heat flow in the z-direction is hindered 
resulting in more heat to flow in the x- and y-directions [67]. It has been found [67] 
that the resulting temperature change is thus faster in the y-direction because of the 
added flow generated by the moving line source itself and slower in the z-direction, 
corresponding with the theory [21]. This distinguishes the line-scan thermography 
from other non-destructive inspection techniques, including flash thermography in 
which heat flow is in the z-direction. Changes in scanning velocity also affect the 
amount of heat absorbed by the test sample. An increase in scan velocity decreases the 
heat flux to the sample, and therefore the temperature change due to a defect is 
diminished [72]. Line-scan thermography gives the opportunity for visualization of 
defects that would otherwise be transparent in the lateral orientation [73].  
The greatest drawback with line-scan thermography, as with any thermographic 
technique, is the rate of thermal attenuation in defect signatures with depth. Flaws that 
are closer to the surface return a higher contrast image compared to flaws that are 
deeper or further away from the inspection side [74].  
Figure 2.10 A schematic drawing of a carbon fibre composite model. κ|| 
is the thermal conductivity along the longitudinal axis of the carbon fibres 
and v is the scanning velocity of the line heat source. 
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When a test panel is heated with a line source, the phenomenon is described by the 
heat diffusion equation, Equation 2.3. Cramer et al., [27, 68] developed an analytical 
steady-state temperature solution for a semi-infinite body whose surface is the z = 0 
plane and is heated by a line-source moving with a constant velocity. The temperature 
distribution in the direction normal to the surface (as shown in Figure 2.10) from time 
equal to -∞ to t [27, 68] is: 
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where the term K0(x) is a modified Bessel function of the second kind of order zero , v 
is the line-source velocity, and q is the rate of heat emitted per unit length.  
Using Equation 2.28, Cramer and Winfree [68, 75],  showed that temperature at the 
heated surface (z = 0) of a panel of thickness L is:  
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For a moving camera and light source, the surface temperature is given by Cramer and 
Winfree [68, 75] as: 
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Equation 2.30 considers the thermal properties of the material and the thermal lag 
from the heated surface to the detector. According to Cramer and Winfree [68, 75], 
this solution best represents the induced temperature change in the region near the 
source. 
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Cramer and Winfree [68, 75] also determined the temperature profile that represents 
the region far from the heat source (or a far-field solution) for an infinite anisotropic 
body. This equation is as follows: 
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Cramer and Winfree [27, 68] report that when the summation is approximately zero, 
the temperature becomes a constant if x is negative, and therefore [27, 68, 76]: 
cLv
qT
ρ
≈        ( 2.32) 
 for low velocities:    
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The condition necessary for the summation to be approximately zero is: 
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 For higher velocities, i.e. 
L
v
α2
>       (2.35) 
the condition where the summation is zero is approximated when the distance behind 
the line source is equal to the thickness of the plate [76]. The temperature in the far-
field is given by: 
cLv
qT
ρ
≈       (2.36) 
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Provided all the above conditions are met and it is assumed that the surface 
temperature of a composite is inversely proportional to its thickness, then Equation 
2.36 can be used to measure changes in thickness of the test material. 
Varis and other researchers studying line-scan thermography using hot air guns, lasers 
and radio frequency induction currents [33, 62, 65-67] have simplified the heat 
diffusion equation, (Equation 2.3) by assuming there is no heat generation: 
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where T(x, y, z, t) is the temperature, ρ  the density, c the specific heat, and κx, κy, κz, 
are the thermal conductivities in the orthogonal directions and in each specific layer 
denoted by the index n. When the sample is heated with a hot air jet having a 
Gaussian line profile around the centre-line, then the heating can be taken into 
account as a boundary condition [66, 67]: 
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where P is the heating power per unit length, a is the width of the heating beam, and v 
is the scanning velocity [66, 67], Figure 2.11. Temperature and heat flow must be 
continuous at every interface between layers i and i +1, with di, being the depth of the 
interface in question: 
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However, Equation 2.39 and Equation 2.40 apply only to a specimen that is free of 
defects. In the case of a delamination, a thermal contact resistance between the layers, 
Rc, can be incorporated into Equation 2.39. As discussed earlier, a delamination or 
any defect that hinders the heat flow (q) across a boundary causes a temperature 
difference. According to Varis [66], Equation 2.39 can be replaced by: 
Ti – Ti+1 = Rcq     (2.41) 
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It is difficult to analytically solve these equations for 3-dimensional cases, and they 
must be solved with numerical methods to simulate the surface temperature 
containing delaminations or other defects in composite laminates [66]. 
Experimentation with line-scan thermography of composites has demonstrated the 
detection of cracks [63], delaminations [67, 69, 77], inclusions [2, 15], and 
discontinuities in carbon fibre composites [67, 77] and aluminium honeycomb 
composites [78], temperature distribution in anisotropic carbon fibre composites [66], 
determination of thermal diffusivity [15] and impact damage [65, 71]. It has been used 
successfully on metals in the inspection of plasma-spray coatings [72, 79, 80], 
corrosion [68, 75, 76, 81]  and for defect detection in copper products [82], aircraft 
structural integrity [73, 75, 81], as well as the determination of defect locations [83]. 
Line-scan thermography is well suited for conveyer type and high output moving 
inspections; for example in the manufacturing industry where measurements are 
continuous and repetitive, [73, 84].  
2.5.1 Line-Scan Thermography using Quartz Lamp Heat Source 
Woolard and Cramer, [74] have made a comparison between Line-scan 
thermography, Flash thermography and the Thermal photocopier for inspecting 
carbon fibre composites with a silicon carbide coating. The Thermal Photocopier is a 
similar method to Line-scan Thermography, except that the infrared camera is 
stationary and the quartz heating lamp passes over the specimen [85, 86]. This method 
[74] was developed as a result of the Columbia Space Shuttle disaster on February 1, 
2003 because NASA was concerned with the inspection techniques for composites 
structures.  
A 15 cm composite panel with 18 flat-bottom holes at five varying diameters and 
depths was used in the comparative study [74]. Figure 2.11 [85], illustrates the size, 
depth and location of the holes as observed from the front side of the sample. The 
depth of the holes ranged from material loss only in the silicon carbide surface layer, 
row E, to holes 75% through the full thickness of the sample, in row A. It was found 
that the Thermal Photocopier had the overall greatest signal-to-noise ratio values 
followed by Flash Thermography and then Line-Scan Thermography, Figure 2.12, 
[85]. These results are significant when flaws are being examined from one-side only 
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and are set deeply within the specimen. The thermal signatures for the flaws are 
already small due to attenuation of the thermal wave, and thus any enhancement of the 
signal-to-noise ratio is desirable [74]. 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 (a) Schematic image of the composite flat bottomed hole 
specimen and (b) flaw depth information from the back side of the panel. 
(a) (b) 
Figure 2.12 Signal-to-noise ratios for Flash Thermography, Thermal Line 
Scanning and Thermal Photocopier Systems for various flat-bottom hole 
defects in a composite panel. 
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Cramer et al. [27, 74-76, 81, 85] have evaluated Line-scan thermography for the 
detection and quantitative characterization of corrosion and thinning in metallic 
materials. The Line-scan thermographic technique uses a moving 3000 W quartz lamp 
and IR camera connected together travelling at a constant velocity over the stationary 
metal specimen. This method has the advantage of being able to rapidly examine large 
structures such as aircraft fuselage skins and utility boiler waterwall tubing. The 
technique was successful in imaging material loss and corrosion in steel tubing, Figure 
2.13, [68]. In this case the tubing was scanned at a speed of 6.3 m/sec and with a 
separation distance between the sample and light source of 2.5 cm. A thermogram, 
Figure 2.14, [68] shows that line-scan thermography successfully detected all the 
machined defects. The thermal image was then calibrated to determine the tube 
thickness at points along the crown of the tube. Cramer et al. [68] conducted 
mechanical thickness measurements at various locations along tube number one, and 
then used these values to determine a calibration constant (vρc/q) for Equation 2.32. 
Cramer et al. then applied this constant to the other three tubes to obtain maps of their 
thickness. Figure 2.15 [68] shows a plot of the thickness of each tube. Cramer also 
conducted comparison results with ultrasonic testing, that were in good agreement 
with thermography [81]. 
Line-scan thermography has also been successful in imaging boron/ epoxy composite 
repair patches and bond detection between the patch and skin in aircraft , aircraft 
fuselage samples , and in thin aluminium structures such as aircraft lap joints. 
Winfree et al. [15]  used line-scan thermography to determine the thermal diffusivity 
in the directions normal to the surface and parallel to the motion of the line source for 
unidirectional carbon fibre composite specimens. Winfree et al. also examined carbon 
fibre composites with a quasi-isotropic lay-up [2, 6] containing spherical inclusions. 
The inclusions included solid glass spheres, hollow glass spheres and hollow carbon 
spheres placed between the plies to simulate porosity. Winfree et al. found that the 
inclusions were clearly revealed in thermograms in the surface normal diffusivity. 
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Figure 2.13 Schematic of waterfall tubing sample showing fabricated flaw 
sizes (width and length) and amount of material removed as  a percentage 
of total wall thickness. The sample consisted of six tubes, of which only the 
four center tubes where defects are present are shown. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.14 Reconstructed thermogram of waterwall tubing sample 
showing the fabricated flaws. 
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Cramer and Winfree [87] reported that line-scan thermography can detect disbonding 
and corrosion in thin aluminium samples with an inspection time about six times 
faster than conventional quartz lamp thermography (flash thermograph). The speed 
advantage will far out weigh the methods of conventional thermography when 
inspecting large structures. 
Cramer et al. [88] used a line of heat produced by quartz lamps to detect cracks in thin 
aluminium sheets. Computational simulations were modelled for fatigue cracks in 
2024-T3 aluminium, and compared with the experimental results. Artificial notches 
were inserted in the sample using single Electrical Discharge Machining (EDM) to 
simulate the cracks. The sample was then heated on the notch side to eliminate any 
emissivity variation. Two additional samples were manufactured consisting of 2024-
T3 aluminium sheets riveted together, with fatigue cracks emanating from the rivet 
holes. Cramer et al. studied at the following parameters: 
1. effect of heating time on contrast of thermograms 
2. effect of heating source distance on contrast of thermograms 
3. effect of heating source orientation on contrast of thermograms 
4. imaging of fatigue cracks, 
Figure 2.15  Thickness information from three waterwall sample tubes calibrated using 
measurements from tube 1. 
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5. verification of numerical simulations and analytical results with the 
experimental data. 
Results clearly indicate that line-scan thermograms show the EDM notches and 
fatigue cracks around rivet holes. Experiments for dependence on heat source distance 
showed that 80% of the contrast value was still possible after a large change in 
distance. A weak dependence between heating time and thermal contrast was found 
[88]. There was a strong dependence on heat source orientation, where a 10 degree 
change in orientation from the normal results in a 20% reduction in contrast. These 
results provide significant advantage for in-field application and allow for the 
positioning of the heat source to maximize detectability of cracks in specific 
directions. 
Winfree and Cramer [68, 81] used the results from line-scan thermography for the 
detection of corrosion in 2024 aluminium and steel to reconstruct the back surface 
profile using non-linear mapping methods. The mapping was performed using neural 
networks, which is an effective method for reconstructing arbitrary surface profiles. 
Thickness profiles within 3.5% of the actual size were achieved for the steel specimen 
and within 5% of the actual size for the aluminium specimen. 
Smith et al. [89] developed and assessed the application of a portable, hand operated, 
uncooled imager or ‘microbolometer’, which provides an alternative to the larger, 
cooled and heavier heating sources that are currently used. Smith et al., [89] used a 
design based on the work of Cramer and Winfree [68] and others [73, 88] which 
involved the linear movement of a quartz lamp and an infrared line imager that was 
located at a fixed distance behind the heat source. However, the configuration of the 
instrumentation differs from that previously outlined in that it is aligned on a platform 
that moves up and down across the surface of the test panel [89]. The advantage of 
portable and light-weight instrumentation is that the device can be used in the field to 
inspect aircraft wings, fuselages and other large components for defects, and therefore 
lead to cost savings. 
Smith et al. [89] used six samples of aluminium and steel plates with voids and 
defects as well as carbon/epoxy plates containing hidden defects to compare the 
thermographic line-scan response from small, uncooled detectors or microbolometers 
Chapter 2: Literature Review 
___________________________________________________________________________________ 
- 40 - 
to the larger and cooled camera. It was found that the uncooled detectors were able to 
identify hidden defects in metal and composite structures with similar results in terms 
of reliability and resolution to the cooled camera.  
2.5.2 Line-Scan Thermography using Laser Heat Source 
New materials can pose non-destructive testing problems and new methods are 
sought. Plasma-sprayed coatings are one such material. Traditional methods of 
ultrasonics or x-ray radiography cannot be used because of high attenuation and the 
heterogeneity of the coating. Hartikainen [72] inspected plasma-sprayed (200-µm 
thick aluminum oxide) using a fast infrared scanning technique with a 4 W argon-ion 
laser as the heat source. The laser beam is focused in a line parallel to the y-axis of a 
cylindrical lens, Figure 2.16, [2]. Hartikainen [72] does not mention the width of the 
laser beam nor the actual speed of inspection, but considers a moving laser line source 
as a kind of pulsed heat source with a pulse time of 10 ms.  
 
 
 
 
 
 
 
 
Hartikainen [72] stated that the main advantages of this type of line-scanning is the 
heating pulse can be easily adjusted by changing the scan velocity, Furthermore, the 
time lag between heating and temperature detection can be attended without affecting 
the measurement time. Hartikainen [72] concluded that pulse laser line-scanning is an 
alternative to video thermography. Disadvantages of laser heating include the high 
Figure 2.16 Line Focused Laser Heating. 
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cost of high-powered lasers, the fragility of lasers, and the water cooling requirements 
of the lasers [2]. 
Hartikainen et al. [80] used a 4 W argon-ion laser as the heating source for a practical 
NDI problem; a pair of seal rings to a primary circulation main pump of a nuclear 
reactor. The rings were made with a stainless steel core coated with 300-µm thick 
plasma-sprayed chromium [2, 80]. A single-element HgCdTe detector with a 
germanium lens and a deflection mirror [2, 80] was used. The coatings were scanned 
and inspected twice; the first immediately after the coating process and again after 
1,600 hours in operation [80].  The thermal image showed significant adhesion 
defects resulting from the trial run, Figure 2.17. This result confirmed the 
effectiveness of line-scan thermography using a laser heating source for this type of 
material [80, 90]. 
Hartikainen et al.[80] and Hartikainen et al. [91] also inspected a 200µm thick 
plasma-sprayed chromium oxide layer of stainless steel substrate using a CO2 laser 
and a InSb detector. The CO2 laser is a more robust and cheaper than the argon-ion 
laser, and proved as effective in detecting an artificial defect in the stainless steel 
substrate.  
Varis et al. [66] used the same experimental set-up as Hartikainen [72] for crack 
detection in an aluminium sample with two saw cuts (acting as cracks) and four flat 
bottomed holes, Figure 2.18, [62]. It is known that lateral heat flow from a line-scan 
occurs only in the scan direction, suggesting that cracks perpendicular to the heating 
line will not be visible. It was also determined from thermal analysis that only the saw 
cut parallel to the heating line and the holes would appear in the thermal image. A 
Figure 2.17 Thermal image showing a 2 x 2 mm delamination in ceramic steel 
ring. 
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thermal image revealed that the cut parallel to the inspection line and the flat 
bottomed holes were indeed visible. The sample was then rotated 90 degrees and a 
second scan taken. The second cut which was now parallel to the thermal line was 
visible while the cut visible from the first thermal image was not detectable. The 
second thermal image was then rotated backwards by 90 degrees and was subtracted 
from the first thermal image. This resulted in a thermal image showing both saw cuts 
and the holes Figure 2.18. This method of rotating the image by 90 degrees and then 
combining thermal images is advantageous in the analysis of anisotropic defects or 
direction-dependent features like cracks. The ‘rotate and subtract image’ technique is 
a useful tool for anisotropy mapping and crack detection.  
Varis et al. [92] developed a prototype, hand-held photothermal NDE apparatus for 
on-site measurements. This instrumentation uses a laser beam transferred to the 
inspections head via an optical fibre. The surface temperature of the inspected object 
is monitored with an IR line-scanner consisting of a liquid nitrogen cooled HgCdTe 
detector, germanium lens and deflection mirror. To test the apparatus, Varis et al. [92] 
used a composite structure made up of multiple layers of carbon and glass plies. The 
results were not repeatable; the hand movement resulted in the line-scanning being 
uneven and this affected the reproduction quality of the thermal images. ,  
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2.5.3 Line-Scan Thermography using Radio Frequency Induction Currents 
Lehtinienmi et al. [64, 71] and Varis et al.[65]  used an infrared line-scanner 
consisting of a HgCdTe detector, a deflection mirror, germanium lens, and a radio-
frequency induction coil for heat production  to analyse artificial impact damage in 
carbon-glass hybrid composite samples [2]. 
 A schematic diagram of the experimental set-up is shown in Figure 2.19, [2]. When a 
sample consists of both conductive and dielectric elements, induction heating offers a 
way to heat the conductors selectively [64]. The composite sample used in the 
experiments was made of multiple layers of conductive carbon and dielectric glass 
bundles embedded in an epoxy matrix, Figure 2.20 [65].  
Figure 2.18 Schematic drawing of the aluminium sample and a description of the 
rotate and subtract" imaging technique. The size of the sample is 40 x 40mm. 
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High energy impact damage can cause carbon fibres in a composite to break. This 
increases the resistivity of the damaged area that causes its temperature to rise more 
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Figure 2.19  Radio Frequency Induction Heating. 
Figure 2.20  Structure of the carbon-glass fibre composite. 
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than the undamaged material [65]. Therefore, broken carbon fibres are detectable in 
thermal images because the glass fibres and epoxy matrix have negligible electrical 
conductivity. In this experiment, the heating coil induces eddy currents in the x-
direction, (Figure 2.10) and the magnetic field on the surface is, [65]:   
H = Hy(z = 0) ey = H0eiωtey    (2.42)                         
where H0 is the magnitude of the magnetic field on the surface, ω is the angular 
frequency, and ey is the unit vector in the y-direction. 
This system set-up is robust and insensitive to disturbance, thus rendering the line-
scan thermographic technique suitable for portable in-field applications [64]. 
However, with manual scanning the resulting thermogram gives rise to a slightly 
blurred image resulting from the vibrations of the scanner and variations in the 
scanning velocity, Figure 2. [2].                                                                                                                   
 
 
 
 
 
 
 
 
Results using the experimental set-up indicated that the defect generated with the 
Birnell indentor was clearly detectable [65, 71]. Lehtinienmi [71] does not mention 
the width of the radio-frequency induction coil heat band used, but Varis et al. [63, 
65], who uses the same set-up in their experiments, describes a 5.7 mm wide and 30 
mm long band (corresponding to a coil of 4 wires) as the heating source with a 
heating power of 2.1 W and a scan speed of 8 mm/sec. Varis et al., compared these 
Figure 2.21 Heat signature of a 3 x 3mm Vickers 
hardness test indentation in carbon-glass fibre 
composite. The carbon fibre bundles are clearly 
visible. 
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results with the use of an argon ion laser as the line heat source. The laser beam was 
30 mm x 0.3 mm at the sample surface with an estimated power of 1.5 W and a scan 
speed of 8 mm/sec. Results indicate that due to the fast scan velocity, heat penetration 
into the sample was limited and only the first carbon ply could be resolved. A 
comparison of the two methods revealed that spatial resolution is superior with laser 
line heating.  However, this is compensated by the fact that with induction heating the 
carbon fibres are resolved from the glass fibres and epoxy much more clearly because 
of selective heating [65]. Advantages of induction heating include high power 
generation for inspection as well as deeper defects can be identified at fast inspection 
rates [65]. The problems associated with induction heating include vibration in the 
manual movement of the scanner [65], large source size, and the inability of heating 
nonconductive materials, however that can be to the advantage with some materials 
[2]. 
Varis [63] and Varis et al. [93] used line-scan thermography in the detection of 
vertical cracks in unidirectional carbon fibre composites. Varis used a radio frequency 
induction coil and the same set-up as Lehtiniemi and Hartikainen [71]. Varis [63] was 
able to detect 0.2 mm wide cuts at a depth of three plies or deeper. Varis [63] found 
that vertical cuts that did not reach the sample surface, vertical cuts that were 
shallower than three plies, and cuts perpendicular to the heating line could not be 
detected.  
2.5.4 Line-Scan Thermography using Hot Air Jets 
Varis [82] conducted preliminary thermography tests on copper products, for example 
heat sinks and electrical components, using hot air jet heating and an infrared line-
scanner for detection, Figure 2.22, [2]. Defects in copper products take the form of 
cracks and small voids. Varis, [82] used numerical simulation to determine whether 
the temperature difference caused by a crack is high enough to be detected, and at 
what distance from the line source the maximum temperature difference will occur. 
Two cases were modelled: a low scan velocity of 2 mm/sec and a higher scan speed of 
2.5 m/sec. It was found that the slower inspection speed was better due to the high 
thermal conductivity of copper. The lower scan velocity results in a higher 
temperature for a longer period. In a series of experiments Varis [82] used a hot air jet 
directed through a line-shaped nozzle. Results for stripe-shaped cracks indicated that 
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they were observed in the areas where they were expected, albeit very faint. Voids 
were also detected. Varis reported that variations in surface emissivity caused 
problems in the interpretation of the results. He also found that the temperature 
differences predicted by the numerical model were considerably higher than from the 
experiments.  
Hartikainen [78] examined the use of thermography with hot air jet heating on 
sandwich honeycomb structures. Results show that delaminations in the top skin of 
the honeycomb structure are clearly distinguishable as well as the boundary between 
faultless and defective areas.  
 
 
 
 
 
 
 
 
 
 
  
Advantages of hot air jet heating are that it is an inexpensive and straightforward 
method to produce a linear heating pattern and is suitable for industrial applications 
because it is powerful, rugged and easy-to-use [77, 80]. Hot air jet heating is also less 
expensive than lasers [78, 80] and is well suited for materials of low thermal 
diffusivity [2]. Downsides to hot air jets include generating a wide source, which does 
Hot Air Jet 
Nozzle 
Object 
Figure 2.22 Hot air jet heating with fish tail nozzle. 
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not provide good spatial resolution. However this problem is only encountered when 
used for the detection of relatively deep and large defects [2, 77, 80].  
Research by Varis et al. [69] and Varis et al. [66] revealed that the anisotropic thermal 
conductivity of composites has an affect on the surface temperature when line heating 
methods are used. There is a dependency between scanning velocity, delamination 
depth and the optimum detection point with hot jet air thermography. The parameters 
for this dependency are the size and depth of the defect [66].  Anisotropy also affects 
final imaging spreading depending on the location of the defect. Defects close to the 
surface (one ply) and when the fibre orientation is parallel with the line source will 
result in an accurate measure of defect size. For defects buried deeper in the 
composite (two or more plies), the anisotropic affect is no longer significant and the 
lateral resolution is reduced [66].  
Infrared line-scanning has also been used successfully in hot strip mill measurement , 
where it has been used to satisfy three principal criteria: 
1. Improve manual/automatic on-line process control to improve and maintain 
production standards.  
2. Provide documented quality assurance and long-term traceability on a strip-by-
strip basis. 
3. Interface data to temperature dependent plant functions and measurements. 
2.6 FUTURE DEVELOPMENTS IN LINE-SCAN 
THERMOGRAPHY 
Future directions in line-scan thermography involve additional methods that make use 
of the entire thermal image produced by the radiometer, which should improve results 
and allow for quantitative analysis in regards to material loss [73]. 
A linear robotic scanner could be used to efficiently transport the imager and scanner 
across large areas of an inspection material, for example in aircraft parts, water-wall 
tubes [73, 76, 94], and in-orbit inspections of the Space Shuttle [74]. 
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Line-scan thermography uses a series of images from the data acquired with each 
image a different distance away from the heat source. Rajic [73] suggests 
reconstructing these images to assist in quantitative analysis of specimens. The 
images could be treated as a time series, and variations in the heat propagation rates 
could be explored by such analysis methods as a time derivative, [68]. Rajic [73] 
concludes that careful selection of scan velocity, with optimal design of the beam 
profile, should provide improved inspection outcomes, and that the models provided 
in this paper should aid in future analysis.  
Smith et al. [89] proposed that the next stage in the development of line-scan 
instrumentation is to investigate the thermal properties of test samples and to develop 
a prototype instrument for portable use using quartz lamp as the heating source. 
Future development in both infrared detectors and semiconductor lasers include the 
reduction in size and weight of the hand-held measurement head [2, 65, 92]. These 
improvements may enhance the quality of the thermal images and the comfort in the 
manual handling of the camera [65]. A table comparing the advantages and 
disadvantages of the various line-scan thermographic techniques is shown in Table 
2.1  
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Table 2.1 Advantages and Disadvantages of Line-Scan Thermographic Techniques. 
Advantages Disadvantages 
High throughput inspection rates [73]. Restricted penetration depth [73, 74]. 
Variety of heating methods available including: quartz 
lamps, cool and hot air jets, radio frequency induction 
current, and lasers. 
 
Laser heating enables a high power density and very 
localised heating provides high spatial resolution [64]. 
High cost of high powered lasers, the fragility of 
the lasers themselves, and the water cooling 
requirements of lasers [2]. 
 
Hot air jet line-scan heaters: cheap, rugged, high power, 
simple, and easy to use. Applicable for inspection of 
materials with low thermal diffusivities [64]. 
Larger line width than laser beams [64]. Low 
spatial resolution [77]. 
Induction Heating: Easily transportable to test sites using 
compact hand-held line-scanners [2, 64, 80]. Distinguishes 
between the embedded carbon fibre fabric and non-
conducting structures [64]. 
Tendency with hand-held models to have blurry 
image. Poor depth penetration [65]. Large source 
size, incapability of heating non-conductive 
materials [2]. 
Lateral heat flow allowing for examination of vertical and 
surface- normal defects [73]. 
 
More cost efficient than IR based methods [80].  
Speed of inspection much faster than traditional raster 
techniques [73, 80]. 
 
Heating pulse can be adjusted by changing scanning velocity 
[72].  
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2.7 ERRORS IN INFRARED THERMOGRAPHY 
As with all types of measurements, infrared thermography includes errors and 
uncertainties from a variety of causes.  It should be noted that errors and uncertainties 
are not the same thing. For a single observation, an error is the difference between the 
true and measured values; whereas, uncertainty is the possible value of the error 
within a given interval of observation [86]. To accurately determine the errors and 
uncertainties in infrared thermography, quantitative evaluation of various aspects of 
the measurement system must be made. In terms of the material analysed, the 
characteristic uncertainty of surface emissivity affects the accuracy of temperature 
measurements [86]. However, in many cases this can be overcome with the use of 
water soluble high emissivity black paint [81]. The major area for uncertainty 
however, lies in the temperature reading, TIR, of the infrared camera [86].  
Two additional factors are also used to quantify errors in infrared thermography are 
the minimum detectable size (MDS) and the noise equivalent temperature difference 
(NETD) [2]. The minimum detectable size is a primary index of the spatial resolution 
of an infrared thermographic system [2, 95]. A small index number represents high 
spatial resolution, and in a measurement system it is crucial to be able to determine 
this number for accurate analysis. This minimum detectable size establishes the 
relationship between target size and its temperature reading, and is required for 
quantitative analysis of lens aberration, diffraction effects, amplifier frequency 
response, and defocus as the major factors affecting the performance indicies of 
thermographic investigation [2]. Aperture iris refraction, non-uniformity of 
temperature distribution on a target surface, and internal reflections are all problems 
with infrared thermography that produce error [2].  
The noise equivalent temperature difference is another primary index of the infrared 
thermographic system [2]. This index indicates the temperature resolution and 
quantifies the minimum detectable temperature difference appearing on a target 
surface whose emissivity (ε) is nearly equal to 1.0 [2]. The smaller the index number, 
the better the system resolution [2], and it is important to establish the theoretical 
minimum size and temperature reading for a thermographic system [95]. 
Chapter 2: Literature Review 
___________________________________________________________________________________ 
- 52 - 
Akafuah et al. [86], concluded it is impractical to determine the emissivities for every 
object in the field of view and it is also impractical to determine the emissivity of a 
single object since surface conditions change over time, as in the case of metals with 
surface oxidation or deposition of foreign matter, (e.g. dirt, grease, and contaminants). 
Akafuah et al. [86], conducted experiments under four convective heat transfer 
conditions, including natural and forced convection on a flat plate. The convective 
heat transfer cases were:  
(1) natural convection on a vertical plate,  
(2) natural convection on a horizontal flat plate, 
(3) natural convection on a horizontal flat plate within a partial enclosure, and  
(4) forced convection on a flat plate.  
A composite test panel was produced which contained an embedded heater and 
thermocouples were used as a reference to compare results from the infrared camera. 
The uncertainty analysis guidelines used in these experiments were according to the 
procedures of ASME PTC 19-1-1985 Performance Test Code [96]. This procedure is 
based on three error strata: calibration stratum, data acquisition stratum and data 
reduction stratum [2, 96]. Akafuah et al. [86], found two independent variables for the 
uncertainty analysis of the temperature measured by the infrared camera. The first 
parameter was the emissivity value of the black paint used on test surfaces and the 
other was the temperature reading, TIR, of the infrared camera. The calibration 
uncertainty was ±2% of the temperature value (in 0C), which is given by the 
manufacturer. This value is dependent on the measured temperature, and so the higher 
the temperature the higher the uncertainty value. In total, with all factors taken into 
account, Akafuah et al. [86] determined that the uncertainty in temperature 
measurement for an infrared camera is about 2.7%, with the largest contribution being 
the calibration uncertainty.  
2.8 ULTRASONIC TESTING 
This section presents a brief description of ultrasonics, which is used in the thesis 
research work presented later.  
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Ultrasonic testing is the most widely used NDI method for composite laminates and 
bonded joints [22, 32, 97, 98]. There are two common ultrasonic testing methods: 
pulse-echo mode using a single pulse/receiver transducer (Figure 2.23) or through-
transmission mode using a transmitting transducer and receiving transducer (Figure 
2.24) [22, 97, 99]. In both methods the ultrasonic wave, which has a constant 
frequency in the range of 0.1-50 MHz  vibrates according to a certain frequency 
within a material [97]. If there is a defect within the parent material, the ultrasonic 
pulse will reflect some of the energy at the interface while the remainder of the energy 
passes through the defect. The more severe the defect, the greater the amount of 
reflected energy and the less that is transmitted through the defect. The ultrasonic 
waves are positioned normal to the inspection specimen and coupled to the specimen 
via a liquid or solid medium because of the large impedance mismatch between air 
and solid [22, 100]. The acoustic properties of the inspection specimen dictate the 
efficiency of the coupling of the ultrasonic device, and it is common practice to 
immerse both the specimen and transducer in water [97]. However, when ultrasonic 
inspection is being manually carried out, grease or a gel couplant is often used [100].  
There are three common methods of ultrasonic presentation: A-, B- and C-scan 
displays. 
 
Figure 2.23 Ultrasonic scanning set-up for pulse-echo mode with a single 
pulse/receiver transducer. 
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2.8.1 Ultrasonic A-Scan 
Ultrasonic A-Scan is the simplest method that makes use of one transducer and 
displays the ultrasonic information acquired at a single point in a specimen, Figure 
2.23 [99]. The A-Scan signal displaying the pulse amplitude (vertical axis) against 
time (horizontal axis) on an oscilloscope [97, 99, 101]. Ultrasonic A-Scan represents 
one-dimensional defect information and is commonly used in the measurement of 
material thickness [97, 99]. 
2.8.2 Ultrasonic B-Scan 
Ultrasonic B-Scan displays a set of A-scans using the same transducer moving 
parallel to the specimen surface. The B-scan represents two-dimensional defect 
distribution through the material’s cross-section, and can also be used to inspect 
rotating tubes and pipes [97, 99, 101]. In both A-scan and B-scans the pulser/receiver 
transducer is used to generate ultrasonic sound waves and to receive the reflected 
beams. 
 
 
Figure 2.24   Ultrasonic scanning setup for through-transmission (TTU) 
mode using a pair of focused transducers in an immersion tank. 
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2.8.3 Ultrasonic C-Scan 
Ultrasonic C-scan is the most common scan mode that provides a plan-type view of 
the location and size of the test specimen features [97, 101]. The scan is performed in 
an immersion tank, Figure 2.24, [97] where the through-transmission ultrasonic 
(TTU) set-up uses a pair of focused transducers. The transducer is scanned in a plane 
parallel to the surface in a rectangular raster pattern, Figure 2.25 [101]. In TTU there 
is a transmitting transducer (pulser) and a receiving transducer (receiver) which are 
aligned, whilst the beam path is kept perpendicular to the test specimen during the 
scan. The amplitude of the TTU signal is sensitive to the presence of internal defects, 
including voids and delaminations in composites. Defects or internal material 
conditions that attenuate, scatter or block the ultrasonic beam will result in a low TTU 
signal in the C-scan image [99, 101]. Matrix cracks that lie perpendicular to the 
surface and fibre fracture paths are difficult to detect because they do not offer a wide 
enough reflecting surface as delaminations [102]. Since the fracture is lying parallel to 
the transmission direction, this problem can be overcome in some instances using an 
angle probe. 
The data obtained from the receiving transducer is displayed on an oscilloscope with 
amplitudes against travelling time. A computer stores this information and displays a 
scan image which can be represented in grey tones or various colour representations 
[99].  
 
 
Figure 2.25  C-Scan presentation showing specimen with defect and raster 
scan pattern. 
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Ultrasonic C-scan has been successfully used in detecting some types of foreign body 
inclusions [28], delaminations [102-104], porosity and voids [103], disbonding [28, 
98, 103], environmental moisture ingress in sandwich structures  and impact damage 
[98, 105]. However, ultrasonic C-scan cannot detect all types of foreign objects (for 
example Mylar® film) and it cannot determine the depth of defects [100]. To offset 
this limitation this method is often used in conjunction with pulse-echo ultrasonics to 
inspect parts. As explained above, in the pulse-echo method the sound is transmitted 
and received by the same transmitter. This can be advantageous when only one side of 
the test specimen is available.  
2.9 Defect Types 
Defects in composites can be introduced during both the manufacturing/processing 
stage and in operational service. To fully maintain structures and their integrity, the 
defect types must be identified to determine their identity, location, size and 
morphology. Frost et al. [106] succinctly outlined the main types of defects, which 
include: 
•  Inclusions – A physical (e.g. backing paper, peel ply) or mechanical 
discontinuity accidentally included in the material during manufacture. Often 
caused by inadequately cleaned moulds, airborne dirt particles, inadequate 
mixing of components. Inclusions usually consist of solid foreign material and 
often cause structural stresses in a noticeably different manner to the parent 
material.  
• Fibre De-bonds – Is the result of cracks running parallel to the fibres [107] 
and can occur because of poor consolidation or inclusions [106]. Fibre de-
bonds occur when the interfacial strength between a fibre and the matrix is 
low. Cracks then propagate at the interface of the resin and fibres or in very 
close proximity to the interface. De-bonds may occur at any time during the 
life of the structure. 
• Fibre breakage – Due to cutting or excessive fibre curvature at sharp corners.  
Can also result from impact events and environmental degradation. This is a 
critical defect as fibres are designed to carry most of the load. 
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•  Improper fibre splicing/ply joining. 
•  Fibre wrinkling/kinking/defects – This fabrication effect can form when 
producing preforms i.e. tight corners, material inability to drape, etc [106]. 
The more complicated the geometry the harder it is to avoid these defects. To 
minimise these effects, special resins, processing, tooling and cure cycles are 
necessary, Figure 2.26 [22]. 
 
 
 
 
 
 
 
 
 
•  Fibre misalignment - Distortion, knots/whorls – especially prevalent in low 
fibre volume fraction materials.  
•  Incorrect stacking sequence – Resulting in incorrect mechanical properties 
and possibly warpage, Figure 2.27 [22]. 
 
 
 
 
Figure 2.27 Incorrect stacking. 
Figure 2.26 Air entrapment during lamination caused by (a) 
overlapping laminae and (b) overlay a wrinkle. 
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• Voidage (porosity) –Pocket of enclosed gas or near-vacuum within a 
composite. Can occur during the mixing of resin and can include air, solvents 
or contaminants. Voids also appear during the lay-up process when air is 
trapped between prepreg sheets. Rollers are used to remove bubbles, but if not 
can result in delamination of the matrix or produce areas of weakness within 
the matrix [22]. Can act as stress concentrations and will have an effect on 
some of the mechanical properties i.e. lower transverse and through-thickness 
tensile, flexural, shear and compression strengths. Void content is considered 
negligible if less than 1-2% [2]. 
• Resin rich /starved areas – Due to poor resin application where the resin has a 
non-continuous smooth coverage of the fibre, inadequate wetting out of fibre 
preforms or poor resin flow. Resin rich imperfections may be responsible for 
reducing the mechanical performance of composite materials.  
• Delaminations – The separation of ply layers in a laminate. This defect can 
occur during manufacturing and in-service, and can have a severe detrimental 
effect on mechanical properties, particularly in compression. Delaminations 
can occur locally or can cover a large area of the laminate. In resin rich 
regions, some reasons for delaminations include 1) coalescence of small voids 
at interfaces, 2) foreign object impact and 3) high stress fields near 
discontinuities such as free edges, holes, ply drops or bonded joint. 
• Imperfections due to incorrect cure process (under cure, non-uniform cure or 
heat damage. 
• Imperfections due to machining – Operations such as hole drilling and 
trimming can introduce defects such as delaminations, interlaminar cracking, 
and damage to fibres and matrix if not performed correctly. 
•  Residual stresses – Caused by the thermal expansion mismatch between fibre 
and matrix. Residual stresses develop as the laminate cools from the cure 
temperature, with different plies contracting by differing amounts [106]. 
Residual stresses cause damage such as warping, fibre buckling, micro-
cracking of the matrix, and delaminations.   
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• Moisture ingresss - Presence of moisture has the capability to produce 
irreversible degradation [105]. Water modifies density, ρ, specific heat, Cp, 
and thermal conductivity, k. The values of these three properties increase with 
water content [39]. 
• Impact damage - One of the most common and significant forms of damage in 
composites is impact damage. These materials are susceptible to impact 
loading due to the fact they are laminar systems with weak interfaces [108]. In 
aircraft structures this damage can occur from the dropping of a tool, bird 
strike or runway debris. The impact damage can cause visible damage-‘barely 
visible impact damage’ (BVID)’-and non-visible damage, and can result in 
particularly poor performances of up to 60% of the designed strength of the 
graphite fibre reinforced composite laminate, with potentially catastrophic 
outcomes under compressive loading [21, 83, 108-115]. Of great concern is 
non-visible damage that is extremely difficult to detect and quantify. A most 
common scenario is that the side of impact has BVID or non-visible damage, 
but the opposite side has significant damage. It should be noted that the 
opposite side of the test component is often inaccessible and this is where non-
destructive evaluation NDE is most important. The common internal damage 
due impact consists of fibre breakage, matrix deformation and cracking, fibre 
debonding and cracking, fibre pullout and delaminations [109, 112, 115, 116]. 
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2.10  CONCLUSIONS 
A literature review on the research on the principles of heat transfer and thermography 
has been compiled, specifically for composite laminates using line-scan 
thermography. It has been found that line-scan thermography is an effective method to 
determine certain types of defects in composites.  
Very little research has been performed to compare the effectiveness of line-scan 
thermography to other forms of NDI methods. The approach taken for this project is 
to study different defect types in composite laminates using line-scan thermography 
and compare these results with visual inspection, C-scan and flash thermography and 
to provide some guidelines on the optimum conditions to use this process. Refer to 
Table 2.2 for a summary of non-destructive testing techniques and their ability to 
detect damage and defects in carbon composites. 
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Table 2.2 Summary of non-destructive testing techniques and their ability to determine defects and damage in carbon-composites 
 
RADIOGRAPHY 
(X-RAY 
INSTECTION) 
EDDY-
CURRENT 
TESTING 
(CFRP) 
ULTRASONIC 
TESTING 
ACOUSTIC 
EMISSION 
VISUAL 
TESTING 
TAP 
TESTING SHEAROGRAPHY 
DYE 
PENETRANT 
MAGNETIC 
PARTICLE 
TESTING 
 
THERMOGRAPHY 
FOREIGN BODY 
OBJECT 
(INCLUSIONS) 
√[2] 
 
√[2, 28] 
 
√[28] 
 
√[117] 
 
     
√[2] 
 
DELAMINATIONS √[28, 98] 
 
√[28, 
103] 
 
√[98, 103] 
 
√[117] 
 
 
 
√[98, 
103] 
near 
surface 
thin 
laminate 
√[98, 103] 
 
  
√[28, 98, 103] 
 
CRACKS 
√[2, 28, 103] 
embedded 
 
√[2, 103] 
embedded  
√[28] 
 
√[2, 
103] 
 
surface 
 
√[2] 
 
√[103] 
embedded 
√[2] 
embedded 
√[2] 
embedded 
√[2] 
Embedded 
POROSITY/VOID 
 
√[2, 103] 
 
√[103] 
 
√[103] 
 
  
 
√[98] 
thin face 
sheet 
 
√[103] 
 
√[2] 
 
 
√[103] 
 
IMPACT 
DAMAGE   
√[110] 
 
 
√[2] 
surface 
 
√[2] √[103] 
 
  
√[103] 
 
BROKEN FIBERS √[28] 
 
√[2]  √[28] 
 
     
√[2] 
 
DISBONDING √[2]  √[28, 103] 
 
√[118] √[2] 
√[98] 
surface   
thin face 
sheet 
√[98, 103] 
 
  
√[2, 98] 
 
ENVIROMENTAL-
MOISTURE, 
INGRESS 
√[105] 
 
 
√[98, 105] 
 
      
√ [105] 
sandwich 
structure 
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CHAPTER 3: LINE-SCAN 
THERMOGRAPHIC INSPECTION OF 
IMPACT DAMAGED COMPOSITES 
3.1 INTRODUCTION 
The detection, location and characterisation of impact damage in aerospace-grade 
carbon/epoxy composites using the NDE methods of visual inspection, ultrasonics, 
flash thermography, and line-scan thermography is examined. Of these methods, C-
scan ultrasonics is the most widely used non-destructive technique for the inspection 
of as-fabricated aircraft composite structures due to its ability to produce three-
dimensional images of complex damage states [1]. The drawback, however, is that C-
scanning is a slow and time-consuming process. Thermography has demonstrated the 
ability to fulfil the major requirements of non-destructive inspection with relatively 
low cost, rapid operational speed, high sensitivity, and user friendliness. The principle 
disadvantage of thermography is its low depth penetration [2-4]. Flash (or pulse) 
phase thermography is now a well established method in determining barely visible 
impact damage (BVID) in carbon/epoxy composites which correlate well with other 
non-destructive testing methods including ultrasonics [5-7]. 
This chapter examines line-scan thermography for the quantitative detection of BVID 
in carbon/epoxy composites. BVID manifests in internal damage such as 
delaminations and back-face splitting, which can reduce the residual compressive 
strength up to 60% [8, 9]. The impact damage detected with line-scan thermography is 
compared to three common NDE techniques; namely visual inspection, C-scan 
ultrasonics and flash thermography. 
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3.2 EXPERIMENTAL 
3.2.1 Method of Inspection 
Four inspection methods were used to analyse the impacted carbon/epoxy panels. 
They were visual inspection, C-scan ultrasonics, flash thermography, and line-scan 
thermography. 
3.2.2 Visual Inspection 
Visual inspection is the most basic form of non-destructive inspection and was the 
initial non-destructive test performed on all impacted panels. Visual inspection 
provides a means of detecting and examining for surface discontinuities associated 
with structural damage, such as indentations and surface cracking [4].  
3.2.3 C-scan ultrasonics  
The C-scan ultrasonic system used in this series of experiments is operated by Hawker 
de Havilland (Melbourne, Australia) for the monitoring of production aircraft 
components. The image analysis allows for measurement of areas and dimensions of 
damage in components. The C-scan ultrasonics was performed using a six-channel 
through-transmission ultrasonic (TTU) system that generates an image of the internal 
structure of composite components, Figure 3.1. During operation, the transducer 
transmits high frequency acoustic waves through the inspection part and a transducer 
on the opposing side receives the transmitted signal. The signals are sinusoidal tone 
bursts at a frequency of 3 MHz. A computer program analyses the amplitude of the 
received sound waves and displays it on a CRT monitor as varying grey scale 
intensity. Two streams of water directed against opposite sides of the part carry the 
sound. The water issues from two nozzles mounted on the bridge, which straddles the 
part. A single pair of ultrasonic transducers and water nozzles is used for each 
channel, with the lower jet used for transmitting while the upper jet is used for 
receiving. A two-axis motor driven stage moves the water jet over the part. A linear 
drive system is used to move the water jet in a raster pattern, which consists of long 
high-speed moves in the X (SCAN) axis, alternating with short moves in the Y 
(INDEX) axis. The TTU scan was conducted at an average raster speed of 127 
mm/sec with a maximum resolution of 60 000 index at a frequency of 1 MHz and 
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1.52 mm (0.06 inch) increments. C-scan images are generally enhanced for better 
assessment of damage in specimens. However, in this case, this was not performed. 
Analysis of the data is via the SCAN Version 1.2 program, which is a general data 
analysis and data acquisition Windows® program with enhancement capabilities [10] 
. 
 
 
3.2.4 Flash thermography  
An integrated flash thermographic system employing a medium wave infrared camera 
(Raytheon Commercial Infrared, 3-5 µm) was used to inspect the impacted panels. 
The camera operates at a frame rate of 20 Hz and uses a cooled indium antimonide 
(InSb) detector, a focal plane array pixel format of 256 (H) x 256 (V), and a lens of 13 
mm focal length, fixed focus. The system has an integrated flash heating system (power 
output of 2 kJ in 2-5 ms). For this inspection, the flash lamp to object distance was 200 
mm, Figure 3.2.  
Figure 3.1  TTU facility at Hawker de Havilland, Melbourne VIC, where 
scanning was carried out. 
Photo courtesy of HdH-NDT laboratory, Melbourne, VIC 
Transducer 
Receiver 
Test specimens  Amplifier box 
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The emissivity of carbon/epoxy laminates is naturally quite high, however in some 
cases there are significant spatial variations which result in surface reflection 
interfering with the results. To avoid this a thin coat of flat black aerosol lacquer was 
sprayed on the panels, which provided a sufficiently high emissivity coating. 
ThermView, a visual  user interface used to analyse the flash thermograms, has the 
capability to extract quantitative data from the thermographic images including line 
plots, time histories and phase decompositions [11]. The quantitative analysis was 
based on thermal profiles along the centre of the defect in the vertical direction. The 
thermal history was post-processed using the ThermView software. 
 
 
 
 
 
 
 
 
 
 
 
3.2.5 Line-scan thermography  
Measurement System: The line-source and imager (Raytheon Commercial Infrared, 3-
5 µm) used in this project are shown in Figures 3.3 and 3.4. The heat source was a 
quartz halogen lamp mounted independently of the camera and rig. The infrared 
camera was mounted 90 degrees to the rig. A purpose-built 2-meter long single-track 
rig with a rubber belt held the sample, which was moved around the track by pulley 
Figure 3.2  Flash thermographic equipment   
Photo courtesy of DSTO, Melbourne, VIC 
Computer 
(visualization, 
processing) 
Infrared camera 
Flash lamp 
Power 
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wheels operated using an integrated variable speed controller. This system moved the 
impacted specimen under the lamp and camera at a constant speed. A platform was 
attached to the rubber belt with a travel length of 1.2 meters, with a barrier on the non-
motor end to prevent the moving platform from running off the track. Operational 
speeds ranged from about 4 to 26 mm/sec.  
A Raytheon infrared camera with a 256 x 256-element InSb focal plane array detector 
was used to record surface temperature differences in the specimen. The camera 
operates in the spectral band-pass range of 3.0-5.0 ± 0.05 µm, and measures infrared 
photon flux, which is approximately proportional to object temperature, T3 [12]. The 
constant of proportionality depends on integration time, surface emissivity, non-
uniformity gain and offset corrections, and can only be determined through calibration 
experiments. Hence, the generalised temperature measurement of 'normalised signal 
intensity' (see section 3.4.5) is used to offset any discrepancies from actual temperature 
values. The frame rate ranged from 4 to 15 Hz.  
A thermal line source was produced using a quartz halogen lamp heater with an internal 
elliptical reflector of 2 mm diameter filament in a 10 mm diameter glass tube of 300 
mm length with a 1250-W energy output in a light box. This focused a high amount of 
radiant energy along the external focal line of the reflector. Light from the quartz lamp 
was collimated in a straight line by flaps on the outside of the light box to a width of about 3 
mm. A high level of heat was radiated at the panels, which resulted in a significant 
temperature rise over a short period of time, with scanning times ranging from about 11 
seconds at a scan speed of 26 mm/sec to 75 seconds at scan speed of 4 mm/sec. For all 
cases presented in this study, the maximum surface temperature change of the panels 
above ambient was less than 100C.  
As with flash thermography, there was a high incidence of surface reflection and 
background radiation interfering with the results. The thin coat of flat black paint was 
applied to the panels to increase the emissivity. Panels were scanned at various speeds 
between 4 and 26 mm/sec on both the non-impact and impact sides. Analyses of the 
thermal results were performed using the computer program ThermView, which has the 
capabilities to extract quantitative data from the line-scan thermographic images. The 
qualitative analysis was based on thermal profiles along the centre of the defect in the 
vertical direction at a defined distance from the line-scan for each panel. This distance 
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was determined to be the first frame in which a clearly defined imaged was observed. 
The thermal history was post-processed using ThermView software [11].   
3.3 IMPACT DAMAGE  
3.3.1   Materials 
Seven composite panels of dimension 150 x 100 mm2 were manufactured using the 
materials described in Tables 3.1 and 3.2. Different types of panels were made to 
reflect the different types of carbon/epoxy composites being used in aircraft 
components. Appendix A provides information on the thermal properties of the 
carbon/epoxy laminates. 
The prepreg systems were cured in an autoclave at a temperature of 1800C and 
pressure of 100 psi for two hours. The detailed cure schedule is presented in Appendix 
B. A closed mould RTM was used to process the panels made using woven or non-
crimp fabrics. The resin was injected at 800C and then cured at 1600C for 75 minutes. 
Details of the procedure are presented in Appendix C. A summary of the fabric type 
and cure schedules are shown in Table 3.3. 
Figure 3.3  Line-scan thermographic equipment. 
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Table 3.1  Pre-preg Systems materials 
 
Table 3.2  Resin Transfer Molding (RTM) Processing Systems 
 
 
Pre-preg Systems: 
Fibre type T300, Resin type F593 
Tape Hexcel T2G190-13" F593-12: 38% 
Fabric Hexcel W3G282-42" F593-18W: 40% 
 
Resin Transfer Molding (RTM) Processing Systems: 
Resin Type: Hexcel RTM6 
Non-Crimp Unidirectional 
Fabric (NCUF) Advanced Composites FFC200U0300BS 
Fabric SP Systems RC200P (195 gsm plain weave fabric (PWF), 3k tow, HTA fibres) 
Non-Crimp Fabric (NCF) COTECH CBX624 (biaxial NCF) 
                  Figure 3.4  Schematic of line-scan thermography experimental setup. 
* 
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Table  3.3  Summary of impact and cure cycle and panel thickness for test panel. 
Specimen 
Impact 
Energy 
(Joules) 
Material 
Type Lay-up sequence 
Layer 
Thickness 
Cured 
(mm)/Qty 
Fibre 
Volume 
Cured 
Thickness 
(mm) 
Cure Cycle 
1 2.0 Prepreg (Tape) [0/90/0/90/0/90]s 0.20/12 0.55 2.34 
Pre-preg 
systems 
2 5.1 RTM 6 (NCF) [0/90/0/90/0/90]s 0.56/6 0.20 3.36 
RTM  
Processing 
Systems 
3 5.1 RTM 6 (NCUF) [0/90/0/90/0/90]s 0.29/12 0.38 3.50 
RTM  
Processing 
Systems 
4 8.0 RTM 6 (NCUF) [0/90/0/90/0/90]s 0.30/12 0.37 3.58 
RTM  
Processing 
Systems 
5 8.2 RTM 6 (PWF) [0/90/0/90/0/90]s 0.29/12 0.38 3.47 
RTM  
Processing 
Systems 
6 15.7 Prepreg (Fabric) [0/90/0/90/0/90/0/90/0/90/0/90/0/90]s 0.22/14 0.5 3.12 
Pre-preg 
systems 
7 16.4 Prepreg (Tape) [0/90/0/90/0/90/0/90]s 0.20/16 0.52 3.28 
Pre-preg 
systems 
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3.3.2 Impact Test Method 
The composite panels were impacted using a drop weight test rig, Figure 3.5 [13]. The 
impacts varied in energy from 2.0 J to 16.4 J to create a range of impact damage 
conditions. The energy of impact was adjusted by altering the mass of the impactor or 
the drop height (maximum height 6 m). During testing the impact energy was recorded 
using a force transducer attached to the impactor. A standard hemispherical impactor 
with a diameter of 12.7 mm was used for all impacts. After the initial impact, the 
impactor was manually caught to prevent further impact damage. All results are for 
single impact events. Specimens were supported around the edge using a window frame 
and secured with four clamps; two positioned each side along the specimen length. The 
lowest energy represents the threshold energy before delamination damage is initiated 
and the highest energy level is close to the threshold energy for complete perforation of 
the test panel. 
Figure 3.5  Impact Rig. 
The force transducer is not shown because it is hidden 
by the impact fixture. 
 
Impactor Head 
Velocity Flag 
Measuring Tape 
Clamps 
Specimen 
LED 
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3.4 EXPERIMENTAL RESULTS AND DISCUSSION 
3.4.1 Visual Inspection 
The impact damage was examined visually, and the characteristics are described in 
Table 3.4. Typical damage on the impacted and non-impacted sides of Panel 6 are 
shown as an example in Figure 3.6. 
Table 3.4  Summary of visual inspection of impact damaged panels 
Impact Damage Characteristic Morphology 
Panel 
Number 
Impact 
Energy 
(Joules) Impact Side Non-Impact Side 
1 2.0 No visible surface damage No visible surface damage 
2 5.1 Small indentation and 
slight surface cracking 
Slight protrusion of laminate. No 
visible ply splitting or damage 
3 5.1 Small indentation 
Barely visible protrusion of 
laminate. No visible ply splitting 
or damage 
4 8.0 Small indentation Slight protrusion and surface ply 
splitting 
5 8.2 Small indentation and 
slight surface cracking Surface ply splitting 
6 15.7 Indentation and crack on 
surface of laminate 
Cross shaped cracks on surface of 
laminate 
7 16.4 Large indentation and 
cracks Large delamination and split 
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Table 3.5 gives the impact damage size measured visually along the major axis on the 
impacted and non-impacted sides. In all cases, the non-impact side had significantly 
more damage.  By its definition, BVID is hard to detect with the naked eye and exact 
measurement produces high error, especially in service situations. This need gives rise 
to the requirement of more sophisticated NDI methods to identify damage in composite 
parts.  
Table 3.5  Maximum visible inspection length for impact damage panels. 
Panel No. 
Impact Energy 
(Joules) 
Damage size along 
the major axis 
Impact side 
± 0. 5 (mm) 
Damage size along the 
major axis 
Non-impact Side 
± 0. 5 (mm) 
1 2.0 0 0 
2 5.1 7 23 
3 5.1 3 32 
4 8.0 7 50 
5 8.2 10 15 
6 15.7 12 30 
7 16.4 14 115 
12mm 30mm 
               Figure 3.6  Visual inspection size assessment for Panel 6  from (a) impact side and (b) non-impact side. 
(a) (b) 
00 
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3.4.2 Ultrasonic Inspection of Impact Damage 
C-scan images of the specimens were analysed using the software program ‘SCAN’ to 
determine the impact damage size. Figure 3.7 shows a typical ultrasonic image of an 
impacted panel. The light areas depict a loss in signal intensity during C-scanning as a 
result of the delaminations caused by the impact [9]. A comparison of the maximum 
damage size determined by ultrasonics and visual inspection of the various panels is 
presented in Table 3.6. Ultrasonics does not have the capability to detect minor surface 
cracks, and visual inspection can result a larger damage size estimates than C-scan. This 
is highlighted in Panel 7 where ultrasonics is not able to detect the non-impact side 
delamination size with accuracy. With visual inspection, the non-impact side 
delamination is very extensive, but with ultrasonics it is uncertain whether there are two 
unrelated damage sites or one. Figure 3.8 shows a comparison of a black and white and 
colour C-scan image of Panel 7 where the black and white image appears to be two 
damage areas and the colour image appears to be one. It should be noted that the print 
version does not show the clarity of the damage area as clearly as on the computer 
screen. In any case, if the damage area was to be decided to be one region, the distance 
is only 64.0 mm, which is well short of the visual defect size.  
 
 
 
 
 
 
 
 
 
 
Figure 3.7  C-scan ultrasonic scan of Panel 7 showing measurement at 
centre of panel. 
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Table 3.6 Size difference between impact and non-impact measurements from visual and 
ultrasonic C-scan. 
 
 
 
 
 
 
 
 
 
 
Surface 
inspection size  
± 0. 5 (mm) 
Percentage 
difference between 
visual and C-scan  
Panel 
number Reinforcement 
Impact 
Energy 
(Joules) 
Impact 
side 
Non-
impact 
side 
C-scan 
damage size 
± 0.8 (mm) 
Impact 
side 
Non-
impact 
side  
1 Prepreg tape 2.0 0 0 0 0 0 
2 Non-crimp fabric 5.1 7 23 15 57 % 51 % 
3 
Non-crimp 
unidirectional 
fabric 
5.1 3 32 23 86 % 40 % 
4 
Non-crimp 
unidirectional 
fabric 
8.0 5 50 32 84 % 56 % 
5 Plain weave fabric 8.2 10 15 18 45 % 18 % 
6 Fabric 15.7 12 30 37 67 % 18 % 
7 Tape 16.4 14 115 29 107 % 297 % 
Figure 3.8  Comparison of black and white (left) and colour (right) ultrasonic C-
scan images for Panel 7. 
Chapter 3: Line-scan thermographic inspection of impact damaged composites 
_____________________________________________________________________ 
 - 86 - 
 
3.4.3 Flash thermography 
The flash thermographic system was optimised to produce images showing the greatest 
thermal contrast of the impact damage. The panels were heated for ten seconds during 
which period 200 thermographic images were recorded. Figures 3.9 and 3.10 show 
typical truncated sequences of thermal images of the impact and non-impact sides taken 
at different times after flash heating. These images provide good qualitative details of 
the shape and location of the damage, however they do not give an accurate measure of 
defect size or depth [14, 15].  
The software package called ‘ThermView’ does not have the analytical capability to 
determine the damage area from a thermographic image. After about 0.8 seconds from 
the initial flash, the contrast of the thermograms to the surrounding composite decreased 
due to thermal diffusivity throughout the panel. Therefore, measurement of the 
maximum defect size was determined at 0.4 seconds after the flash as this was used as 
the control condition where maximum contrast was attained, Figures 3.11 (a) and 
3.12(a). Thermal edge effects are reliant on the effective thermal diffusion 
length, teff αµ 2=  in which  α  is the thermal diffusivity and t is the time after the 
pulse. According to Sainty and Almond [14] and Rantala and Hartikainen [16], the error 
in determining the defect size increases with elapsed time. Immediately below the 
heated surface, reverberations in the thermal pulse are generated between the defect and 
surface plane. The reverberations cause a dispersion of the thermal energy and lead to 
further deviations from the actual damage size. At a short time after the pulse this 
phenomena is unimportant since µeff is small compared to the defect depth, and hence 
the effective thermal wave has decayed before the first reverberation reaches the 
surface. The damage area appears very sharp-edged in the thermal image because the 
period of maximum contrast has not been violated. For longer time intervals, µeff  
exceeds the defect depth and can not be ignored [14, 15, 17]. These edge effect errors 
can readily be observed in Figures 3.9 and 3.10. The size of the impact damage appears 
to increase and the image becomes increasingly fuzzy with elapsed time. Therefore, 
when the measurement is taken after the maximum contrast the value will be larger than 
the actual damage size. From the images it can also be seen that when measurement of 
the image size is taken very late after the initial flash, the impact damage appears to 
Chapter 3: Line-scan thermographic inspection of impact damaged composites 
_____________________________________________________________________ 
 - 87 - 
decrease in size. This is due to cooling, when the contrast between the defect area and 
surrounding pristine material has become so small that the impact damage appears to 
shrink [14, 16]. 
To determine the impact damage size, data defining the defective area itself was 
excluded and the remaining data representing the non-damaged region was input into 
the spreadsheet programme MS EXCEL and a 6th order polynomial was fitted to the 
curve. This curve represents the trajectory of the intensity signal from the composite 
material when there is not damage present. This polynomial function was then fitted 
into the mathematical software MATLAB along with the data for the impact damaged 
panel. The first point on or below the base-line on both sides of the curves was used to 
determine the start and end of the damage region and an approximation of the defect 
size, Figures 3.11(b) and 3.12(b).  
Barcharts comparing the damage length measured by visual inspection, ultrasonics and 
flash thermography are presented in Figures 3.13 and 3.14 for the impacted and non-
impacted sides of the panel, respectively. On the impacted side, the damage size 
measured using flash thermography consistently underestimated the size compared to 
ultrasonics due to the limitations of flash thermography to penetrate the depth of the test 
panels. On the non-impacted side, significant damage is observed, and flash 
thermography overestimates the damage size in all cases compared to the C-scan 
results. In most cases, the visual inspection results give a closer correlation to the flash 
thermographic than the C-scan results.  
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Figure 3.9  Thermographic flash sequence for Panel 6 from impact damage side.  
t = 0 s t = 0.4 s t = 0.8 s t = 1.2 s 
t = 2.0 s t = 2.4 s t = 3.6 s t = 5.6 s 
t = 7.6 s t = 8.4 s 
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(b) 
 
 
Figure 3.10  Thermographic flash sequence for Panel 6 from non-impact side. 
t = 0 s t = 0.4 s t = 0.8 s t = 1.2 s 
t = 1.6 s t = 2.8 s t =3.8 s t = 5.6 s 
t = 7.6 s t = 9.6 s 
Figure 3.11  Determination of impact damage size for Panel 6. (a) Flash 
thermogram at 0.4 seconds after flash and (b) Graphical representation depicting 
beginning and end of defect from impact side of panel. 
(a) 
19.1
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Figure 3.12  Determination of impact damage size for Panel 6. (a) Flash thermogram at 0.4 seconds 
after flash and (b) Graphical representation depicting beginning and end of defect from non-impact 
side of panel. 
(b) (a) 
46.3mm 
Figure 3.13 Histogram comparing damage for visual inspection, C-scan 
and flash thermography for impacted side. 
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3.4.4 Line-Scan Thermography Inspection of Impact Damage 
Examples of line-scan thermal images for both impact and non-impact sides are shown in 
Figures 3.15 and 3.16, respectively, for Panel 6 over a 30-second scan period. As opposed 
to flash thermography and ultrasonics, where there are post-processing software 
techniques such as phase rendering, amplitude and temporal methods to minimise thermal 
noise influences for flash thermography, and signal-to-noise ratio functions to allow for 
flaw-free comparisons in ultrasonics, these methods are not available for line-scan 
thermography [18]. In both case the damaged area can be seen to change shape and 
variations in the grey scale of the scans, which are indications of panel cooling and heat 
dispersion through the defect and panel. 
 
 
 
 
 
Figure 3.14  Histogram comparing damage size for visual inspection, C-
scan and flash thermography for non-impact side. 
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Figure 3.15  Application of line-scan thermography to detect damage 
from impact side of Panel 6. Thermogram sequence reveals impact 
damage over the period of the total scan time of 30 seconds with a scan 
speed of 17.7 mm/sec. The panel is moving from the top to the bottom of 
the photograph with time. The damaged area is circled. 
t = 6.0 s t = 7.2 s t = 8.4 s 
t = 9.6 s t = 10.8 s t = 12.0 s 
t = 13.2 s t = 14.4 s t = 15.6 s 
t = 16.8 s t = 18.0 s 
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3.4.5 Methods for determining damage size from line-scan thermography 
There are no generally accepted or standardised methods for determining defect size in 
composite materials using thermography. However, there are four main concerns that 
affect analysis. They are optical distortion caused by the thermal recording equipment, 
thermal noise, cooling, and non-uniform heating of the surface [19]. Two methods were 
investigated in this analysis to minimise these affects. However, only the Polynomial 
Function Analysis was used as the Second Derivative Method gave poor results as 
described below. 
   
Figure 3.16  Application of line-scan thermography to detect from non-
impact side of Panel 6. Thermogram sequence reveals impact damage over 
the period of the total scan time of 30 seconds with a scan speed of 17.7 
mm/sec. The panel is moving from the top to the bottom of the photgraph 
with time. The damaged area is circled. 
t = 7.2 s t = 8.4 s t = 9.6 s 
t = 10.8 s t = 12.0 s t = 13.2 s 
t = 14.4 s t = 15.6 s t = 17.6 s 
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Polynomial Function Analysis 
A line of inspection was drawn through the centre of the defective area and into the 
non-damaged region using ThermView post processing techniques, Figure 3.17 (top). 
The corresponding ThermView digital data files from this inspection region were 
imported into the spreadsheet programme MS EXCEL. The data was then imported into 
the mathematical software MATLAB where the raw data thermal response was plotted 
along the inspection line, Figure 3.17 (bottom). It can be seen from the raw data 
thermograph that the curve has a negative gradient. This downward trend indicates 
cooling of the panel over time and distance.  
In MS EXCEL this region of damage was removed from the data and a polynomial line-
of-best fit was determined using the programme CurveExpert 1.3 (a comprehensive 
curve fitting system for Windows) of the undamaged region (tails of the curve), Figure 
3.18. In this case, a fourth-order polynomial,  
                           y = 1.77 + 82.74x – 1.10x2 + 0.01x3 – 1.17e-005x4  Equation 3.1 
gave the best fit and was used to determine the gradient of the undamaged composite.
.
 
The resulting equation fit was then subtracted from the raw data in MS EXCEL 
resulting in a graph representing the composite panel with a defect that eliminated the 
background trends caused by thermal noise, uneven illumination, optical distortion and 
cooling. This data was then graphed in MATLAB, Figure 3.19 resulting in a signal 
intensity curve. The base line was determined by then taking out the damage area from 
the signal intensity curve and once again using the tails of the curve to determine the 
base line with a polynomial line of best fit. The intersection of the base line and the 
modified heat data points was deemed the defect size, which in Figure 3.19 is 50.5 mm. 
It should be noted that the polynomial fit is only an approximate measure meaning the 
background trend conforms in theory to the heat diffusion equation and not to an 
arbitrarily chosen polynomial. This polynomial was chosen only because it provided a 
reasonable fit, and some errors are expected, which is exemplified at the beginning of 
the curve in Figure 3.19, where it dips below the zero line.  
The Second Derivative Method  
An alternative method to determine the defect size involves double integration of the 
bell-shaped heat curve. This method works well because the points of inflection from 
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the second derivative give a good indication as to where the defect begins and ends. It 
was used successfully with flat holed defects, Teflon inserts, and low conductive defects 
that result in a bell-shaped curve, as described later in this thesis. However, with impact 
damage in composites the heat curve does not necessarily follow the standard bell shape 
due to the randomness of the damage causing areas of low and high heat intensity. 
Using the second derivative method to determine a bell shaped curve resulted in a poor 
fit to the modified data. This method for such damage is not recommended for impact-
damaged panels. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Field of view 
Line of 
inspection 
Line-scan 
Figure 3.17  Top: Thermal image of Panel 6 from non-impact side at 
17.7 mm/sec showing line of inspection. Bottom: Raw data 
thermograph of damage along line of inspection. Analysis conducted 
over a distance from  approximately 60-180 mm from line-scan 
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Figure 3.19  Modified thermograph of Panel 6 at 17.7 mm/sec  from non-
impact side of panel. 
Defect Size 
Base Line 
Modified Curve 
S = 9.57323421
r = 0.99930977
Distance from center of line source along line of inspection (mm)
Th
er
m
a
l r
es
po
n
w
-
ra
w
 
da
ta
 
(ar
bi
tr
ar
y 
u
n
its
)
60.0 93.3 126.7 160.00
.00
400.
13
800.
27
1200
.40
1600
.54
2000
.67
2400
.80
Figure 3.18  Polynomial line of best fit for Panel 6 at 17.7 mm/sec. 
y = 1.77 + 82.74x – 1.10x2 + 0.01x3 – 1.17e-005x4 
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3.4.6 Errors 
There is no established method to determine defect size from thermographic images. 
There are a many errors associated with thermography as explained in the literature 
review, although there are three main sources of error. 
1. The accumulation of round-off errors in the polynomial analysis. Even though 
the method used is reproducible, there is a high degree of error with every step 
of the calculations resulting in the rapid accumulation of round-off errors. 
2. The errors involved in determining defect size with line-scan thermography 
occur mostly at the boundary of the damaged area. There is a time lapse between 
the line-scan and when the IR camera records the thermal changes in the test 
panel to allow for heat diffusion. Hence, it was of interest to record the intensity 
output as soon as possible and before too much cooling and heat dispersion 
through the panel had occurred to minimise edge effects.  
3. Further errors occur in measurement due to pixel readings from the computer 
screen. Each pixel is equivalent to approximately 0.6 mm. Hence, there was no 
difference in size; for example between a measured defect size of 5 mm and 5.5 
mm.  
 Impact damage size 
A comparison of the damage size measured using the different NDI techniques, including 
line-scan thermography from the impacted and non-impacted sides is shown in Figures 
3.20 and 3.21, respectively. It is seen that none of the techniques detected damage in 
Panel 1. There are two possible reasons for this result: (i) a 2-Joule impact energy is 
below the threshold level needed to produce damage or (ii) the NDI methods used in this 
analysis are not sensitive enough to discern damage and further analysis should be sought. 
However, it is more likely that the energy was too low to cause delamination damage 
based on findings from other studies into the impact resistance of carbon/epoxy. From the 
impacted side, line-scan thermography in all cases overestimates defect size compared to 
C-scan, flash thermography and visual inspection. However, from the non-impact side 
there is good agreement between flash and line-scan thermography for Panels 3, 4, 6 and 
7. There is a large discrepancy between the flash and line-scan results for Panels 2 and 4, 
which are both made using non-crimp fabric, and requires further investigation. 
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 Comparison of impact size to line-scan speed 
Depending on the severity of the impact damage, damage size, scan speed, and distance 
from the line source resulted in minimum threshold signal intensity where significant data 
could be obtained. In the case of Panel 6, line-scans taken from the impact side at scan 
speeds below 11.2 mm/sec resulted in curves that indicate the presence of damage, but not 
of the same general shape of curves obtained at faster scan speeds. For example, the 
thermographs shown in Figure 3.22 show raw data curves for Panel 6 at the scan speeds 
of 6.7 and 22.1 mm/sec, which has the highest intensity of all the scan speed curves. In all 
studies undertaken, for each individual panel, the scan speed that resulted in the highest 
arbitrary signal intensity was used as the normalisation factor.  
Impact side 
Normalised signal intensity curves of the impact damage were obtained for line-scan 
speeds between 11.2 and 25.9 mm/sec for Panel 6, Figure 3.23. Measurements were 
taken at the same distance from the line scan for each individual panel, which was at the 
first position where a clear thermal image was recorded. No panel returned an 
acceptable signal intensity curve at scan speeds below about11 mm/sec from the impact 
side, and hence the impact size at slow speeds could not be determined, Table 3. Figure 
3.24 shows the measured impact sizes for all panels over the scan speed range with a 
line-of-best fit.  For thermograms investigated from the impact side, there appeared to 
be a general stability of defect size measurement between the scan speeds of 16-22 
mm/sec. 
Non-impact side 
Normalised signal intensity curves of the non-impact damage side were obtained for line-
scan speeds between 6.7 and 2.9 mm/sec, Figure 3.25. Results indicate that line-scan 
thermography is more effective measuring from the non-impact side of the panel. Since 
damage is more prominent on the non-impact side, it is possible to record a result at lower 
scan speeds than from the impacted side, Table 3.8. Figure 3.26 shows the relationship of 
normalised thermal response and scan speed, and it is apparent that the size of impact 
damage is relatively constant over the range of test speeds for most panels. Panel 4 gives 
exception to this trend for scan speeds lower than 15.5 mm/sec. This specimen has only 
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minimal surface ply splitting and can be seen from the curve that with the faster scan 
speeds (above 18 mm/sec) a more consistent damage size was attained.  
 
Figure 3.20  Histogram comparing defect size for visual inspection, C-scan, flash 
thermography and line-scan thermography (at scan speed 22.1 mm/s) from impact side. 
 
Figure 3.21  Histogram comparing damage size for visual inspection, C-scan, flash 
thermography and line-scan thermography (at scan speed 22.1 mm/s) for non-impact side. 
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Figure 3.22  Signal intensity curves for impact damage at rig speeds of 6.7 
and 22.1 mm/sec. Details: Panel 6 at 81 mm from centre of defect to line-
scan. Measured on impacted side. 
Figure 3.23  Relationship between scan speed and normalised thermal 
response for impact damage. Details: Panel 6 at 81 mm from centre of 
defect to line-scan. Measured on impact side. 
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Table 3.7  Table of damage size for impact damaged side according to scan speed 
Damage size for panel number (mm) 
Error: ±0.6 mm 
Scan speed (mm/sec) 2 3 4 5 6 7 
11.2 - - 58 52 37 45 
13.4 48 - 56 45 38 45 
15.4 48 41 51 40 40 51 
17.7 48 41 58 - 40 54 
22.1 43 41 56 - 44 54 
24.3 45 42 60 45 47 50 
25.9 43 26 56 54 45 50 
 
 
 
Figure 3.24  Comparison of scan speed and damage size for impact 
side. 
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Table 3.8  Table of damage size for non-impact damaged side according to scan speed 
Damage size for panel number (mm) 
Error: ± 0.6 mm 
Scan speed (mm/sec) 2 3 4 5 6 7 
6.7 - - - - 55 - 
11.2 66 28 27 43 51 116 
13.4 68 30 33 48 52 123 
15.4 66 32 42 34 55 124 
17.7 67 34 49 44 51 124 
22.1 65 35 47 44 54 127 
24.3 66 36 50 44 54 131 
25.9 66 33 50 50 54 127 
Figure 3.25  Relationship between scan speed and normalised signal 
intensity for impact damage. Details: Panel 6 at 126 mm from centre of 
impact damage to line scan. Measured on non-impacted side. 
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 Comparison of Line-Scan Thermograph to C-Scan Ultrasonics 
A normalised inverted line-scan response curve and the normalised C-scan curve are 
shown in Figure 3.27. Correlation between the shapes of the curves in this case is good. 
Both the line-scan thermographic and the C-scan techniques depend on measuring 
threshold energy for data acquisition. Comparing the processed results their similarity 
demonstrates that line-scan thermography in this case is a valid technique for measuring 
impact damage in composites. Further examples of the comparison of the normalised 
inverted signal responses for line-scan thermography and C-scan ultrasonics are shown in 
Appendix D. It should be noted, however, that line-scan thermography does not always 
show such a strong correlation with ultrasonics, as shown earlier by the results presented 
in Figures 3.20 and 3.21. 
 
 
 
 
Figure 3.26  Comparison of scan speed and damage size for non-impacted 
side. 
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3.4.10 Interpretation of thermographic signal 
FWHM (Full-Width at Half Maximum) analysis of the thermal response curve can be 
used as a quantitative measure of the sensitivity of the line-scan technique. The thermal 
energy is proportional to the maximum thermal intensity x FWHM (at 50% intensity), 
which is a measure of the area under the thermal intensity curve. Measurements of the 
maximum intensity for each inspection speed for Panel 6 were analysed for both the 
impacted and non-impacted sides. The FWHM measurement is reasonably constant for 
the impacted side for inspection speeds between 13 and 24 mm/sec, Figure 3.28. 
Thermograms for the lower scan speeds did not show that there was a defect, indicating 
that there is excessive cooling and dispersion of the heat through the test panel. A 
similar outcome for the FWHM measurement was observed for the non-impact side. 
The FWHM is fairly constant for close range readings, but becomes increasingly less 
stable with longer range readings, Figure 3.29. The thermal energy results tend to be 
rather erratic for both the impacted and non-impacted sides of the panel, while there is 
not a great variation in the maximum thermal response for the faster scan speeds. From 
these results, it is apparent that there is considerable more work required to identify the 
relative reliability of the three methods to determine whether FWHM, maximum 
Figure 3.27  Comparison of inverted line-scan normalised thermal 
response profile plot (at 17.7 mm/sec scan speed from non-impact side of 
Panel 6 at 126 mm from line source) and C-scan line profile. 
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thermal response or thermal energy give the better resolution/interpretation of 
thermographic results. 
 
 
 
 
 
 
 
 
 
Figure 3.28  Comparison of inverted line-scan normalised thermal 
response profile plot (at 17.7 mm/sec scan speed from non-impact side 
of Panel 6 at 126 mm from line source) and C-scan line profile. 
Figure 3.29  Comparison of inverted line-scan normalised thermal 
response profile plot (at 17.7 mm/sec scan speed from non-impact side 
of Panel 6 at 126 mm from line source) and C-scan line profile. 
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3.5 CONCLUSIONS 
Four NDI techniques -visual inspection, C-scan ultrasonics, flash thermography and 
line-scan thermography- are compared to evaluate their relative ability to detect the 
impact damage in carbon/epoxy composites. For damage on the impacted side, visual 
inspection is not reliable; however, on the non-impacted side there appears to be more 
correlation with results from the other techniques. Overall, visual inspection is a 
subjective method, but an excellent first NDI technique to apply. Correlation between 
C-scan ultrasonic and line-scan thermographic results appear variable. In most cases, 
ultrasonics underestimates the defect size compared to line-scan thermography. This 
discrepancy is caused by the fact that ultrasonics is better suited to detect defects in a 
structure where the contact between particular plies or components is broken [20], 
rather than large air gaps between plies as in Panel 6. Line-scan thermography, on the 
other hand, is more suited for surface and subsurface discontinuities, [21] as is exhibited 
in the results for Panel 6 where both flash and line-scan thermography are much closer 
to the visual damage. For this reason, C-scan underestimates the BVID damage. With 
high energy impact damage, as in Panel 7, internal damage was more excessive than the 
surface damage and hence the higher impact damage size from the impact damage side. 
From the non-impacted side, where surface damage was more extensive, correlation 
between the two methods was closer, but nevertheless line-scan thermography still 
overestimated the damage size.  
In most cases line-scan thermography overestimated the impact damage size from the 
flash thermographic results. For the impact side, the discrepancy is very large for all 
panels. The main difference between the flash and line-scan thermographic techniques 
is in the direction of heat flow. With flash thermography, the heat flow is only in the z-
direction. Heat flow in line-scan is in the lateral direction of the line source movement 
(y-direction) coupled with heat flow in the surface-normal direction (z-direction). This 
additional heat flow enables more accurate inspection, especially in areas where damage 
is not so severe. On the non-impact side, the flash and line-scan thermographic results 
are more consistent.  
The accuracy and resolution of line-scan thermography in the detection of impact 
damage in carbon/epoxy laminates is dependent on the severity, size, depth and the 
distance from the heat source to defect at time of analysis. From the above experimental 
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research it is evident that scan speeds over the range of 16 to 26 mm/sec give consistent 
measurements of damage size provided the inspection is done close to the heat source. 
Cooling and heat dispersion become major factors with lower speeds that usually 
produces less accurate results.  
The line-scan FWHM results confirm that the closer the defect is to the line-scan, the 
more accurate the results. This is especially true for the impact side results as the 
damage close to the surface is not as evident as it is for the non-impact side. All 
evidence indicates that measurements taken close to the line-source give the most 
reliable measurement of the location and size of impact damage. However, in 
determining the best method of interpretation or resolution of results between maximum 
thermal response, thermal energy and FWHM, considerable more work is still required 
to make an accurate claim. 
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CHAPTER 4: LINE-SCAN 
THERMOGRAPHIC INSPECTION OF 
BACK DRILLED HOLES AND 
DELAMINATIONS IN COMPOSITES 
4.1 INTRODUCTION 
A step laminate composite with back drilled holes and another laminate with artificial 
delaminations were manufactured to study the heat transfer response of line-scan 
thermography on defect size and depth. In the case of the back drilled holes, these 
results are compared to C-scan ultrasonics measurements and flash thermography. In 
the case of the artificial delaminations, the results are compared to C-scan ultrasonics 
only.  
4.2 EXPERIMENTAL DETAILS OF STEP LAMINATE 
CONTAINING BACK DRILLED HOLES 
4.2.1 Composite material  
A four-step carbon/epoxy composite was fabricated at Hawker de Havilland (Melbourne, 
Australia) from MMS 5024 and MMS 5025 five harness satin weave (5 HS 6 K) infused with 
epoxy resin (Cytec). The satin weave had an areal weight of 370 gm/m2 and a ply 
thickness of 0.35 mm. The panel was made up of four steps each with a width of 77 mm 
with a total panel size of 310 mm x 310 mm, Figure 4.1. It is common practice to use 
stepped-shaped specimens in the evaluation of non-destructive inspection techniques 
because the effect of thickness can be assessed using a single specimen. Due to the 
limited inspection area of line-scan thermography, only the highlighted defects shown 
in Figure 4.2 were examined. Note that the line-scan thermographic equipment was very 
limited towards the size of test panels. The tray that was on the tract was only of a 
certain size and could therefore only accommodate a small width test panel without it 
falling off the tract. The step laminate panel was large and if it was put too far over to 
one side on the tray it would fall off. The equipment was an early prototype, fully 
functioning, but with limitations. The back drilled side was deemed the lee side of the 
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panel and the other side, the illuminated side, was where the flash thermography and 
line-scan thermography were performed.  
The back drilled holes were made using a circular flat bottom drill head driven into the 
plate and then moved laterally to create the defect shape. The back drilled hole size 
(width and length) is identical for each row, but the defect depths varied. The holes 
were located 25 mm apart to prevent thermal interference between the holes. These 
holes simulate impedance in the heat transfer process through the thickness of the 
composite panel, just as a real defect would impede heat flow.  
The illuminated side of the panel was painted with a thin coat of flat black paint to 
increase emissivity. This laminate is also used as an ultrasonic reference standard. The 
defects in the step laminate panel are outlined below, however, only the back drilled 
holes were analysed.  
Types and sizes of defects in step laminate: 
 Machined notches  
 Mylar bonding inserts: 
12.7 mm x 12.7 mm x 0.127 mm (0.5” x 0.5” x 0.005”) ** 
 White backing paper: 12.7 mm x 12.7 mm (0.5” x 0.5”)** 
Class A- 12.7 mm x 2.5mm (0.5” x 0.1”)** 
Class B- 13.97 mm x 3.175 mm (0.55” x  0.125”)**, and  
Class C- 17.272 mm x 3.81 mm (0.68” x 0.15”)**. 
 Non-bonding inserts CHR6   
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Hole 1 
Hole 2 
Hole 3 
STEP 1 - 0.060” STEP 2 - 0.140” STEP 3 - 0.222” STEP 4 - 0.315” 
2 
3 
4 
1 
1 
2 
3 
Bonding Inserts 0.5” x 0.5’ x 0.005” Mylar 
Non Bonding Inserts  CHR6 Class A- 0.5” x 0.1”** 
    Class B- 0.55 x 0.125”** 
    Class C- 0.68” x 0.15”** 
Machined Notches (Far Surface) 
Near        Mid       Far 
Surface  Plane    Surface As Step 1 
Class 
Class 
Class 
Class 
Class 
Class 
0.02 0.02 0.02 0.020.03 0.03 0.07 0.11 0.11 0.20 0.16 0.30
0.03 0.03 0.07 0.11 0.11 0.20 0.16 0.30
0.02 0.03 0.05 0.11 0.09 0.19 0.14 0.29
4 
White Backing paper 0.5” x 0.5” 
Figure 4.1  Inspection panel E/F3 # 1. Approximate depths and locations 
of defects. Diagram supplied by Hawker de Havilland. Lee side view. 
Drilled holes of interest 
** Results according to Hawker de Havilland as used in standard. 
Note: the units are in imperial and not SI 
length 
width 
As Step 1 As Step 1 
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4.2.2 Method of Inspection 
Three inspection methods were used to analyse the back drilled hole carbon/epoxy 
panel: C-scan ultrasonics, flash thermography and line-scan thermography.  
4.2.3 Experimental Results and Discussion  
4.2.3.1 Ultrasonic inspection of back drilled holes 
Two methods of C-scan ultrasonics were used to inspect the step laminate: They were 
the computer through-transmission ultrasonics (CTTU) and the automated ultrasonics 
scanning system (AUSS). The CTTU scan was conducted at an average raster scan 
speed of 127 mm per second (5 inches per second) with a maximum resolution of 
60,000 index at a frequency of 1 MHz and about 2 mm (0.08 inch) increments. Results 
indicate that the CTTU produced a scan of poor quality resolution and therefore 
reasonable measurements could not be made of the back drilled holes, as is evident from 
Figure 4.3. The CTTU apparatus uses a large transducer probe and is designed for 
Step 4 Step 3 Step 2 Step 1 
Figure 4.2  Step panel highlighting back drilled hole defects from the lee side. The 
thickness values of the steps are shown. 
Note: the units are imperial and not SI 
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moderate resolution in commercial hardware inspection and upgrades, and was found to 
be an unsatisfactory method for the investigation of back drilled holes in the composite 
panel.  
 
 
 
 
 
 
 
 
 
 
AUSS is a high resolution pulse-echo ultrasonic system. The AUSS has the ability to 
change probe distances whereas the CTTU probe is fixed. It has a smaller pixel size 
resolution and overall better resolution than CTTU. CTTU was used because this was the 
equipment available for use.  The MEng project was performed with an industry partner 
who use CTTU, and to make the result relevant the CTTU system was used. The CTTU 
in no way affects the interpretation of the results. The panel was scanned using the AUSS 
at a raster speed of 127 mm per second. Figure 4.4 shows the AUSS image with complete 
signal attenuation at the back drilled holes. Measured widths and uncertainty in 
measurement (half limit of reading) of the three back drilled holes of interest (which are 
enclosed with the box in Figure 4.4) are shown in  
 
 
 
Figure 4.3  CTTU of step laminate. View from undamaged (or illuminated) side. 
STEP 1 STEP 2 STEP 3 STEP 4 
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Table 4.1 Comparison of actual hole width with AUSS measurements for back drilled hole 
defects. Included is the depth of the back drilled hole from the illuminated surface. 
Drilled Hole 
Number 
Actual size of 
Defect 
Error: ± 0.5 mm 
C-Scan 
Error: ± 0.8 mm 
Actual Defect 
Depth 
Error: ± 0.1 mm 
1 3.5 3.8 3 
2 3 3.2 3 
3 2 2.5 3 
 
4.2.3.2 Flash Thermography 
The step laminate was inspected using flash thermography at two frame rates: 7 and 30 
Hz (frames/second), Figures 4.5 and 4.6. Analysis of the thermograph of the drilled 
holes was performed at 5.1 seconds for the 7 Hz and 6.4 seconds for the 30 Hz 
conditions, which was when the resolution was highest. Figures 4.7 and 4.8 show 
thermographic profiles of the three holes at 5.1 and 6.4 seconds, respectively. These 
results do not correlate well with the actual size or C-scan results. This is because a 
back drilled hole represents a large obstruction to heat flow through the panel and 
produces a large thermal contrast. The holes being examined are deeply set from the 
panel surface and hence no matter when the first appearance of the holes after the flash, 
considerable time has passed in terms of heat flow and many reverberations of the heat 
Figure 4.4  AUSS scan of step laminate. View from undamaged side. 
STEP 1 STEP 2 STEP 3 STEP 4 
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pulse will have occurred. This results in the spreading of the thermal energy and leads 
to exaggerated size measurements [2]. 
The advantage of flashing at the higher frame rate is the faster detection of the holes, 
with a total inspection time of 10 s at 30 Hz as opposed to 42 s at 7 Hz. There was no 
noticeable advantage in the sizing of the drilled holes for either scan rate. These results 
show that flash thermography is able to detect holes, but cannot be used to give a 
reliable measure of hole size.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
t = 0 s 
 
t = 3.4 s 
 
t = 5.1 s 
 
t = 8.6 s 
 
t = 10.3 s 
 
t = 12.0 s 
 
t = 18.9 s 
 
t = 20.6 s 
 
Figure 4.5  Series of flash thermograms of the step laminate showing the progression of the 
appearance of the back drilled holes in panel 3. The holes are visible on the left hand-side of 
the images taken at 5.1, 8.6 and 10.3s. View: Illuminated side. Scan rate: 7 Hz. 
 
Holes 
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t = 0 s t = 0.42 s t = 2.43 s t = 4.03 s 
t = 4.83 s t = 6.43 s t = 8.03 s t = 9.63 s 
Figure 4.6  Series of flash thermograms of the step laminate showing the progression of the 
appearance of the back drilled holes in panel 3.The holes are visible on the left hand-side of the 
images taken after 2.43s.  View: Illuminated side. Scan rate: 30 Hz. 
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Figure 4.8  Flash thermograph of back drilled holes showing FWHM and 
hole size. Readings taken at 6.4 seconds after flash. Scan rate: 30 Hz. 
Figure 4.7  Flash thermograph of back drilled holes showing FWHM and 
hole size. Reading taken at 5.1 seconds after flash. Scan rate: 7 Hz. 
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4.2.3.3 Line-Scan Thermography 
The method used to inspect the step laminate using line-scan thermography is the same 
as described in Chapter 3. A series of line-scan thermograms taken from the illuminated 
side are shown Figure 4.9. Included in the figure are the drilled holes in Step 2 which 
were not analysed due to shadowing, which indicates uneven heating in this area. The 
drilled holes appear as slightly darker patches, indicating a temperature rise at these 
locations. The image resolution was limited and faint as can be seen from the 
thermograms. As opposed to C-scan ultrasonics and flash thermography, where there 
are post-processing software techniques (e.g. phase rendering, amplitude and temporal 
methods) to minimise noise influences, these methods are not presently available for 
line-scan thermography. 
4.2.3.4 Width Measurements of Drilled Holes 
Raw data from the line-scan thermographs of the drilled holes taken at different scan 
speeds are shown in Figure 4.10. Line-scan thermography is able to identify back drilled 
holes #1 and #2 at speeds of 11.2 mm/sec and above, and is only just able to detect back 
drilled hole #3. The slowest scan speed of 6.7 mm/sec produced a curve that did not 
follow the same profile as the faster speeds. This is consistent with the impact damage 
results, where at low speeds the time lag between the line-scan and IR camera reading 
does not permit clear thermographs. Further investigation into the ability of line-scan 
thermography to detect the presence of drilled hole #3 at a closer distance to the line 
source was conducted at a distance of about 55 mm from the line source. This resulted 
in a marginal improvement, indicating that the size of this hole is too small and deep for 
line-scan thermography. It can be seen from Figure 4.10 that the magnitude of the raw 
thermographs above 11.2 mm/sec decreases with increasing scan speed due to 
decreasing amounts of heat energy being absorbed per unit area into the composite 
material. In other words, the scan speed affects the amount of heat absorbed by the 
material.  
The raw data thermographs were modified by removing the obvious defect area, and the 
remaining data was used to determine a line-of-best fit to determine the curve when no 
defect and cooling are present. This curve was then subtracted from the raw data to give 
a thermography curve that has no cooling effects and only the defect is considered. 
From this curve the hole size was determined. A normalisation factor was used to 
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standardise the local thermal intensity to the highest intensity in the curve. The 
normalisation factor was specific for each drilled hole over the scan speed range. 
Figures 4.11 and 4.12 show the normalised signal intensity curves for drilled holes #1 
and #2, respectively. These curves show that for hole #1, the highest thermal response 
was at 15.4 mm/sec and for hole #2 at 17.7 mm/sec. These results show that there is an 
optimum position for analysis where scan speed is at a maximum and heat loss is at a 
minimum based on the position and depth of the hole from the line-scan. For example, 
Figure 4.13 shows the FWHM and width result for hole #1. According to Saintey and 
Almond [1], the FWHM value can be used for size measurements of drilled holes. 
However, since the drilled holes are set deep within the panel, correlation between 
actual width and FWHM was not an accurate measure. As with flash thermography, the 
hole widths were much larger than the C-scan results. This can be attributed to the holes 
being situated deep within the panels. Reverberations of the heat wave cause spreading 
of the thermal energy over time leading to gross deviations from the actual hole width, 
as reported in Table 4 and Figure 4.14. The hole width tends to decrease with increasing 
scan speed. This is due to the decrease in time for spreading of the thermal pulse within 
the composite panel. For hole #3, after a scan speed of about 15 mm/sec, the 
thermograms became unclear and hence the results of the hole width became inaccurate 
indicating that the line-scan equipment was working beyond its capacity for detection 
and measurement.  
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Refer  to note (a) Refer  to note (a) 
Refer  to note (a) 
Refer  to note (a) 
12.20: 117.6 mm 
 
Step 2 Step 3 Step 4 
129.08: 71.2 mm 
Step 2 Step 3 Step 4 
10.04 sec: 49.3 mm 
 
9.63 sec: 41.7 mm 
 
Step 2 Step 3 Step 4 Step 2 Step 3 Step 4 
Hole 3 
Hole 3 
Hole 2 
Hole 3 
Hole 2 
Hole 1 
Figure 4.9  Line-scan sequence for back drilled holes in the step laminate at the scan speed of  22.1 
mm/sec. Distances measured from centre of hole #3. Note (a) back drilled hole defects from step 2 
not analysed. 
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Figure 4.11 Thermographs showing the relationship between scan speed and 
normalised signal intensity for back drilled hole #1 at 86 mm from centre of 
hole to line source. Measured on illuminated side. 
Drilled 
hole 1 Drilled 
hole 2 Drilled 
hole 3 
Figure 4.10  Raw data thermographs of back drilled panel tested at different 
line-scan speeds. 
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Figure 4.13  Size and FWHM of drilled hole 1 at the line-scan of 15.4 
mm/sec. Error in measurement: 0.4 mm. 
Figure 4.12  Normalised thermographs showing the relationship between 
scan speed and normalised signal intensity for back drilled hole #2 at 110 mm 
from centre of hole to line-source. Measured on illuminated side. 
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Table 4.2 Line-scan thermographic width measurements of back drilled holes for the 
range of scan speeds. 
 
 
 
 
 
 
 
 
 
 
 
Line-Scan Velocity 
(mm/s) 
Hole size  #1 
(mm) 
Error: ±0.6 mm 
Hole size  #2 
(mm) 
Error: ±0.6 mm 
Hole size  #3 
(mm) 
Error: ±0.6 mm 
11.2 28 17 20 
13.4 24 15 17 
15.4 20 17 14 
17.7 18 14 30 
22.1 17 14 21 
24.3 17 14 11 
25.9 15 14 9 
Figure 4.14  Width measurements of the back drilled holes at various rig 
velocities showing line of best fit. 
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4.4 LINE-SCAN THERMOGRAPHIC INSPECTION OF 
ARTIFICIAL DELAMINATIONS IN COMPOSITE 
MATERIALS 
4.5 INTRODUCTION 
Thin air gaps or delaminations between the ply layers in carbon/epoxy laminate were 
made to further evaluate the capabilities of line-scan thermography. The results are 
compared with ultrasonic C-scan, and a comparison of the measured defect size was 
made with theoretical predictions. 
4.6 EXPERIMENTAL DETAILS OF LAMINATE CONTAINING 
DELAMINATIONS 
4.6.1 Materials and preparation 
Four 20 ply carbon/epoxy panels were manufactured using prepreg fabric: Cytec 
Engineered Materials CYCOM® 777-3/5HS6K/0.35 mm/ply toughened epoxy resin. 
Two panels were for control specimens and the other panels contained delaminations. 
Details for each panel are given in Figures 4.15 to 4.18. Synskin® is an epoxy-based 
surface film designed to fill minor imperfections in the surface of composite parts. It is 
a common product used in aerospace manufacture and was used to see the effect that it 
would have on the thermographic results, with the results compared to the standard 
black painting of the panels . Tedlar® polyvinyl fluoride (PVF) is part of the DuPont 
fluoropolymer family. It is used in the aerospace industry as a co-cured primer paint 
while offering the durability of a fluoropolymer [4].  
Delaminations were artificially created in the composite panels using removable 
stainless steel shims. The shims were inserted into the panel during lay-up of the 
prepreg plies. The panel was cured and the shim then pulled out to leave a thin 
elongated air gap similar to a delamination. The use of shims allowed artificial 
delaminations to be made with a controlled size.  
The 0.05 mm stainless steel shims used to produce the delaminations were covered with 
a layer of Artec Tooltec® A005 and high temperature Flash Breaker Tape 3MTM Scotch 
Brand 855 at the grip end to facilitate their removal from the panels. Figure 4.19 shows 
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the position of the inspection area which is approximately 10.2 mm in width. A side 
panel view of the delaminations is shown in Figure 4.20 for Panel #2. 
 
 
 
 
 
 
 
Figure 4.15  Panel #1. 
20 ply induced delamination panel. 
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Figure 4.17  Panel #3. 
20 ply control panel. 
Figure 4.16  Panel #2. 
20 ply induced delamination panel with Synskin® and Tedlar®. 
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Figure 4.19  Shim measurement (in millimetres) showing position of 
line-scan inspection. 
Figure 4.18  Panel #4. 
20 ply control panel with Synskin® and Tedlar®. 
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4.7 EXPERIMENTAL RESULTS AND DISCUSSION 
4.7.1 Ultrasonic inspection of delaminations 
Ultrasonic C-scan inspection of the panels was conducted at a frequency of 1 MHz with a 
raster increment of about 0.5 mm and an average raster speed of 127 mm/sec. A full 
description of the ultrasonic inspection method is given in Chapter 3. The images were 
analysed using the software program SCAN to determine the size of the delaminations,  
Figure 4.21. There was water ingress into the delaminations during the ultrasonic 
inspection, Figure 4.22, and so the centre of the panel was deemed the most appropriate 
position to examine the delaminations, Figure 4.23. A measurement was made of the 
ultrasonic attenuation of the pristine area of the panels that was free of delamination 
damage. This region was used as the baseline attenuation value. Another measurement was 
then taken of the region containing an artificial delamination. The SCAN program then 
subtracted the baseline measurement from the delamination measurement. For both Panels 
#1 and #2, the baseline was 6 dB and any area with a higher attenuation showed up white 
as in Figure 4.24. This type of measurement produced more accurate analysis of the 
delaminations. Measurements of the delamination size measured with C-scan ultrasonics 
and depth measurements using A-scan are shown in Tables 4.3 and 4.4. It should be noted 
that the A-scan results are purely dependent on the operator and how the scan is set up and 
therefore there are limitations in the accuracy of these measurements. Ultrasonic C-scan has an 
uncertainty of ± 3.0 mm, due to the limitation of the pixalization of the C-scan 
measurements and taking into account the measurement of either side of the defect. 
Figure 4.20  Side view of induced delaminations for Panel #2. Picture magnified about 50%. 
Del #6 
Del #7 Del #8 
Del #9 2.2 mm 
2.2 mm 
2.2 mm 
2.2 mm 
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Figure 4.21   Utrasonsonic C-scan images of delaminations in the panels.  
(a) Panel #1, scan from tool side and (b) Panel #2, scan from bag side. 
 
(a) (b) 
Del # 9 
Del # 8 
Del # 7 
Del # 6 
Del # 5 
Shim # 2 
Shim # 3 
Del # 4 
Del # 1 Shim # 9 
Del # 8 
Shim # 7 
Del # 6 
Del # 5 
Shim # 4 
Del # 3 
Del # 2 
Del # 1 
Water ingress 
Delamination #9 
Delamination #8 
Delamination #6 
Delamination #7 
Figure 4.22  Ultrasonic CTTU of Panel #2 showing the effect of water 
ingress on resolution of delaminations. Scan from bag side. 
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Figure 4.23  Ultrasonic C-scan line plot of delaminations #4 to #9 at 
centre of Panel #2. 
Delamination #9 
Delamination #6 
Delamination #7 
Delamination #8 
Figure 4.24  Ultrasonic C-scan of Panel #2 with baseline removed. 
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Table 4.3  Ultrasonic A-Scan depths and C-scan measurements of delamination width at centre 
of Panel #1. Actual width of delamination at centre of panel: 10.2 mm. Error in measurement 
about ± 0.8 mm 
 
 
Table 4.5  Ultrasonic A-scan depths and C-scan measurements of delamination width at centre 
of Panel #2. Actual width of delamination at centre of panel: 10.2 mm. Error in measurement 
about ± 0.8 mm 
4.7.2 Line-Scan Thermographic Inspection of Induced Delaminations 
The line-scan thermography method used to inspect the delaminated panels is described 
in Chapter 3. In this case, the line-scan thermographic measurements were taken along 
the panel centre to be consistent with the ultrasonic C-scan tests. An advantage of 
making line-scan measurements at the panel centre is it limits optical distortions at the 
panel edge by the thermal imaging system [5]. Two sets of measurements were taken 
for Panel #2, in which the illuminated side was inspected with and without high 
emissivity black paint to determine whether there is any appreciable difference for the 
detection of delaminations. Figures 4.25 and 4.26 show typical thermogram images of 
Panels #1 and #2 respectively. Synskin® coated with high emissivity paint produced the 
clearest thermograms for delaminations closest to the surface at all scan speeds, but 
paint was of no advantage for deeper delaminations (2.2 mm depth and above). The 
high emissivity black paint results in higher heat absorption, however it can be seen that 
Delamination 
number 
Actual Size of 
Defect(though-
thickness)                
(mm) 
Depth of 
delamination      
(A-scan)           
(mm) 
Delamination size 
(C-Scan)at centre of 
panel                 
(mm) 
8 2 1 13.7 
6 3.6 3 13.7 
Delamination 
number 
Actual Depth of 
Delamination  
(though-thickness) 
(mm) 
Depth of delamination  
(A-scan)               
(mm) 
Delamination size    
(C-Scan)                    
at centre of panel 
(mm) 
9 1.2 0.7 13.7 
8 1.9 2 13.7 
7 2.8 2 13.7 
6 3.5 3 13.7 
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there is a compromise of heat flow through the panel when there is a combination of 
Synskin® and high emissivity paint. The combination of Synskin® and high emissivity 
black paint produce a situation where there is a concentration of heat in the near surface 
region of the panel, thus enabling higher definition for surface delaminations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.25  Thermogram of painted Panel #1 
showing delamination #8. Note that shim #9 is a 
stainless steel shim foreign body object. Scan speed: 
17.7 mm/sec.  
Line of inspection 
Figure 4.26  Line-scan thermograms of Panel #2 (a) non-coated and (b) coated 
with high emissivity black paint showing the four delaminations closest to the 
inspection surface. Scan speed: 17.7 mm/sec. 
Screen 
Distortion 
(a) (b) 
Line of inspection 
Line of inspection 
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Figures 4.27 and 4.28 show line-scan thermographs for the delaminations inspected at 
different scan speeds for Panel #2. At scan speeds above 17.7 mm/sec, the thermal 
response decreases the deeper the delamination is buried below the surface, regardless of 
the distance from the line source. For the unpainted panel, delamination #6 shows a 
departure from the pattern of results, hence the results for delamination #6 were not 
reliable or accurate at that particular position on the screen due to the presence of screen 
distortions. These distortions were not caused by the thermography equipment (i.e. screen), 
but were an artefact of the Synskin® coating. The distortions of the thermographic images 
only occurs when the Synskin® coating was present; the images were pristine (not 
distorted) when the Synskin® was absent or painted. The cause of the image distortion due 
to Synskin® is not clear, although it is possible that the emissivity of the Synskin® over the 
specimen is not constant. Differences in surface emissivity may occur from differences in 
coating thickness over the surface. While the exact cause of the distortions was not 
identified; this does not affect the core aim of the research work in the development and 
characterization of the line-scan thermography technique. For the painted panel, it can be 
seen that thermal absorption is much higher and that a clear trend is obvious where the 
thermal response decreases with depth. The breakage in the curves for delamination #9, 
(Figure 4.28) indicates that the infrared detection equipment is working above its capacity 
of heat measurement. It is therefore important to determine the optimum balance between 
the line-scan equipment, measurement site and scan speed. 
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Figure 4.27  Raw data thermograph for unpainted Panel #2. 
Figure 4.28  Raw data thermograph for painted Panel #2. 
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4.7.3 Determination of delamination size 
Standard panel method 
The premise for using the control panels (Panels #3 and #4, Figures 4.17 and 4.18) was to 
determine the thermal response of the line-scan measurements in the absence of 
delaminations. The thermal response data of the control panel was subtracted from the data 
of the equivalent panel with delaminations to generate a thermal curve showing only the 
defect area, Figure 4.29. The resulting curve did not match expectation and did not result 
in a curve near the zero line, indicating that the control panel was not a good option. There 
were a few concerns with the control panel. The panel was not made to exactly the same 
size as the delamination panel. This could affect heat flow through the panel and give 
varying thermal results at different positions on the panel. The control panel measurement 
position was at the centre of the panel, hence a similar relative position with the 
delaminated panel, but the actual inspection position was different. As with all 
thermographic studies, variation in heating caused by uneven illumination resulted in 
varying thermal responses along the inspection panel [5]. The control panel effectively did 
not turn out to be a control panel and was not an appropriate method to standardise the 
line-scan thermographic results. 
Polynomial Function Analysis 
As described in Chapter 3, the method most successful for the determination of impact 
damage size was polynomial function analysis. For the unpainted panel (Panel #2), a 
fourth order polynomial line-of-best fit was used to determine the delamination size, as this 
curve provided the best curve fit, Figure 4.30. The normalisation factor was determined by 
the scan speed that had the highest signal intensity for each delamination. Polynomial 
analysis was conducted for each delamination at each speed at a distance of 92 mm from 
line-source to centre of defect. 
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Figure 4.30  Relationship between line-scan speed and normalised signal 
intensity for delamination Panel #2. Details: Delamination #9 at 90.6 mm 
from centre of delamination to line-scan. Panel: unpainted. 
 
Figure 4.29  Plot of raw data curve for Panel #2 at 13.4 mm/sec (top) with  
raw data curve from control panel at 13.4 mm/sec (centre) and normalised 
curve, (bottom). Panel painted. 
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Measurement of the delamination width and FWHM were taken along the centre of the 
panels. An example of the thermal curve used for the determining the delamination size is 
shown in Figure 4.31. 
 
Results of the delamination size and FWHM measurements from line-scan thermography 
are shown in Tables 4.5 and 4.6 and Figures 4.32 to 4.33. It can be seen that whether the 
panels are painted or coated with Synskin®, line-scan thermography did not give defect 
sizes anywhere near that of the C-scan results, however, the FWHM results were closer in 
range, especially the painted panels. Panel #1, which was painted with high emissivity 
black paint, showed that even at a delamination depth of 1.3 mm, (with the delamination 
visible at all scan speeds), there was no consistency or reliability in the measurement 
result, but the FWHM results were consistent with the ultrasonics C-scan measurements. 
For the deeper delamination at 2.9 mm, visibility became non-existent above 17.7 mm/sec 
scan speed indicating that there was not sufficient time for the panel to absorb enough heat 
to be able to adequately detect the delamination at that depth. The FWHM results varied at 
this depth however, at a scan speed of 15.4 mm/sec produced a result the same as the 
ultrasonics C-scan of 13.7 mm. For Panel #2, unpainted there is excellent consistency in 
delamination size measurements for delaminations  #9, #8 and #7 within the line-scan 
Figure 4.31  Line-scan thermograph of delamination #9 for painted Panel #2 
at 13.4 mm/sec. 
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measurement system, but not with C-scan measurements. The FWHM results for Panel #2 
unpainted were consistent for delaminations up to about 1.5 mm within the scan range, 
however, they still underestimated the C-scan results. After a coating of high emissivity 
black paint was applied, the FWHM results measured very close to the C-scan results for 
delaminations of depth of about 0.7 mm. As depth of delamination increased the FWHM 
measurements accuracy became an issue with results overestimating the ultrasonic C-scan 
measurements. The coating of high emissivity black paint resulted in an increase in 
definition for delaminations close to the illumination surface, but a decrease in visibility 
and accuracy of measurement with depth of delamination. 
 
Table 4.5  Delamination sizes of Panels #1 and #2 from line-scan thermography. Actual 
delamination size 10.2 mm  
 
Size of 
delamination 
Panel #1    
painted (mm)  
Error: ±0.6 mm 
Size of delamination                        
Panel #2                                      
unpainted (mm)                          
Error: ±0.6 mm 
Size of delamination          
Panel #2                      
painted: (mm)             
Error: ±0.6 mm 
Scan 
speed 
(mm/s) 
Delam.  
#8 
Delam.  
#6  
Delam. 
#9  
Delam.  
#8  
Delam.  
#7  
Delam.  
#6  
Delam. 
#9  
Delam.  
#8  
Delam.  
#7  
6.7 32 32 26 29 26 19 32 36 - 
11.2 32 29 28 30 27 19 30 39 42 
13.4 27 27 27 29 27 13 30 35 36 
15.4 29 27 27 29 27 10 32 35 392 
17.7 29 23 27 29 - - 29 35 33 
22.1 27 - 29 32 29 - 27 32 30 
24.3 24 - 29 40 29 - 29 35 33 
25.9 24 - 27 30 27 - 29 32 30 
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Table 4.6  FWHM sizes of Panels #1 and #2 from line-scan thermography. Actual delamination 
size 10.2 mm  
 
Panel #1       
painted (mm)  
Error: ±0.6 mm   
Panel #2                                      
unpainted (mm)                                  
Error: ±0.6 mm 
  Panel #2                       
painted (mm)             Error: 
±0.6 mm 
Scan 
speed 
(mm/s) 
FWHM.
#8 
FWHM.
#6 
FWHM.
#9 
FWHM
#8 
FWHM.
#7 
FWHM.
#6 
FWHM.
#9 
FWHM.
#8 
FWHM 
#7  
6.7 13 15 12 12 11 8 14 15 - 
11.2 12 13 12 11 12 5 13 15 16 
13.4 12 13 12 12 10 5 12 15 16 
15.4 12 14 12 11 10 4 14 15 16 
17.7 12 15 12 10 9 - 14 15 15 
22.1 13 - 12 12 12 - 14 15 15 
24.3 12 - 12 13 12 - 15 15 16 
25.9 13 - 12 11 13 - 15 15 16 
Figure 4.32  Relationship between defect size, scan speed and 
delamination depth for painted Panel #1 at a distance of about 90 mm 
from centre of line source. 
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A normalised inverted line-scan thermal response curve measured at about 92 mm from 
the line source and a depth of 0.8 mm and the normalised C-scan signal intensity for 
unpainted Panel #2 is shown in Figure 4.34. As with impact damaged results (Chapter 3), 
correlation between the shapes of the curves is good. Similar agreement between line-
scan and C-scan results were found for both the painted panels of #1 and #2 for the 
delaminations close to the surface. It can be concluded from these results that line-
scan thermography is a valid technique for detecting delaminations in composites. 
Figure 4.33  Relationship between defect size, scan speed and 
delamination depth for unpainted Panel #2 at a distance of about 90 mm 
from centre of line source. 
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The FWHM results produced delamination sizes that were in the "ball park" region of the 
ultrasonics C-scan delamination size measurements for painted Panel #1 and Panel 
#2 up to a depth of 2.2 mm, albeit underestimated, with more consistent results in 
surface delaminations of up to 1.5 mm. Figure 4.35 shows that the deeper 
delaminations (greater than 2.2 mm) could not be accurately sized. For all panels the 
measurements of shallow delaminations (less than 2.2 mm) were not adversely 
affected by scan speed, but for the deeper delaminations they were and no accurate 
conclusions about size could be concluded from the FWHM.  
 
 
 
 
 
Figure 4.34 Comparison of inverted line-scan normalised thermal 
response profile (at 13.4 mm/sec scan speed from unpainted Panel #2 at 
92 mm from line source and a delamination depth of 0.8 mm) and C-
scan profile. 
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Figure 4.35 Relationship between FWHM, scan speed and delamination 
depth for unpainted Panel #2 at a distance of about 90 mm from centre of 
line source. 
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4.8 CONCLUSIONS  
The study presented in this chapter assessed the capability of line-scan thermography to 
detect drilled holes and delaminations in carbon/epoxy panels. Line-scan thermography is 
capable of detecting drilled holes, but not capable of accurate sizing in thick specimens 
with holes buried deep below the scanned surface. Further study is required with drilled 
holes closer to the surface. However, there is good correlation between the line-scan 
thermographs and the C-scan signal curves indicating that the line-scan thermographic 
technique is a valuable inspection tool, even for holes buried deep below the surface.  
Line-scan thermography is capable of determining delaminations in composite materials 
up to about 3.0 mm below the surface. However, as depth of delamination increases, the 
accuracy of the FWHM measurements decreased. Painting increased the emissivity of the 
panel and produced consistent FWHM results at a depth of 1.5 mm which was comparable 
to the size measurements of the unpainted panel with Synskin®. FWHM results were more 
or less stable for the scan speed range at depths of up to about 1.5 mm. Curves comparing 
the thermographs of line-scan thermography and C-scan revealed good correlation, 
indicating that line-scan thermography demonstrates its value as a non-destructive 
inspection technique. However, for delaminations deeper than about 3 mm, scan speeds 
above 15.4 mm/sec did not provide any indication of a defect because there was not 
enough time for heat transfer to the delamination area. There is a close relationship 
between the FWHM measurement of a delamination and ultrasonic C-scan measurement, 
with the line-scan measurement determining the delamination size the same as the C-scan 
measurement at the scan speed of 15.4 mm/sec at a depth of about 0.7 mm for a painted 
panel. Accuracy of the measurement decreases with increasing scan speed and depth of 
delamination.  
It can be concluded that line-scan thermography is a fast and reliable method for 
determining the presence of delamination up to about 3 mm deep, however accuracy in 
determining the delaminations size is dependent on depth of defect and scan speed. For 
drilled holes, conclusions regarding the determination of defect size cannot be made at the 
depths of measurement taken and further study will need to be undertaken to determine the 
accuracy of size measurements that are situated closer to the surface.  
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CHAPTER 5: LINE-SCAN 
THERMOGRAPHIC INSPECTION OF 
FOREIGN BODY OBJECTS IN 
COMPOSITES 
5.1 INTRODUCTION 
The detection, location and characterisation of foreign body objects in aerospace grade 
carbon/epoxy composites using the NDE methods of ultrasonics, flash thermography, 
and line-scan thermography is examined. In the previous chapters, line-scan 
thermography has shown that it is a useful method for the detection of impact damage, 
back drilled holes and induced delaminations under certain conditions.  
This chapter examines line-scan thermography for the quantitative detection of a range 
of foreign objects, which are Teflon® inserts, backing paper from the carbon/epoxy 
prepreg laminate, and stainless steel shim. In the case of Teflon inserts® and backing 
paper, the results are compared to flash thermography and C-scan ultrasonics. The 
stainless steel shims are compared to C-scan ultrasonics only because the panels were 
too large for inspection using flash thermography, and therefore the comparison 
between line-scan thermography and ultrasonics is qualitative. Other sections of the 
thesis deal with qualitative comparisons of internal damage. This chapter identifies the 
capabilities and limitations of line-scan thermography to determine the presence of 
foreign body objects that can be accidentally introduced into composites during the 
manufacture of aircraft components. 
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5.2 EXPERIMENTAL DETAILS OF LAMINATES CONTAINING 
TEFLON INSERTS 
5.2.1 Composite Materials 
Four 20 ply carbon/epoxy panels were manufactured at Hawker De Havilland (Melbourne, 
Australia) using epoxy preimpregnated carbon woven fabric: Boeing material designation 
BMS 8-256, type IV, class 3, style 3k-70-pw. The prepreg has an areal weight of 193 
gm/m2 and a nominal ply thickness of about 0.22 mm after cure with an epoxy resin content 
of 40 percent by weight [1]. The total size of each panel was 101.6 x 304.8 ±  0.2 mm. Due 
to the ability to be able to see the Teflon® inserts on the lee side (bagside) of the panels, 
only the illuminated side (toolside) was examined using line-scan thermography. Two 
panels were made to represent 2D heat flow and the other two to represent 3D heat flow 
according to BAC 5980 [2]. Some of the panels were coated with Synskin® and Tedlar®. 
Details of each panel are given in Figures 5.1 to 5.4. The foreign objects were made of 
Airtec Release Ease 234TNP (Teflon®). To represent 2-D heat flow within the panels, 
double layers of 12.7 x 101.6 ±  0.2 mm rectangular shaped Teflon® (Type A) were 
inserted within the panels at various depths during lay-up. For the 3-D representation of 
heat flow, double layer Teflon® discs of diameter 6.4 and 12.7 ±  0.2 mm (Type B and 
Type C respectively) were inserted into the panels during lay-up at various depths. The 
rectangular shapes were located about 38 mm apart while the circular discs were located 
about 38 mm apart in the vertical direction and about 52 mm apart in the horizontal 
direction to prevent thermal interference between the Teflon® inserts. Figure 5.5 shows the 
lay-up preparation of Panels #23 and #24. The illuminated side of the panels were painted 
with a thin coat of flat black paint to increase emissivity. 
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®
®
Figure 5.2  Panel #22. 
20 ply Teflon® foreign body object panel representing 2-D heat flow with Synskin® and 
Tedlar®. 
Figure 5.1  Panel #21. 
20 ply® foreign body object panel representing 2-D heat flow. 
®
®
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Figure 5.3  Panel #23. 
20 ply Teflon® foreign body object panel representing 3-D heat flow. 
 
®
®
 
®  
®   
 
Figure 5.4  Panel #24. 
20 ply Teflon® foreign body object panel representing 3-D heat flow with Synskin® and 
Tedlar®. 
 
®
®
 
®.
®.
®  
®   
 ® ®
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5.2.2 Method of Inspection  
Three NDE methods were used to inspect for the Teflon® foreign objects in the 
carbon/epoxy panels: C-scan ultrasonics, flash thermography and line-scan 
thermography. 
5.2.3 Experimental Results and Discussion 
5.2.1.3 Ultrasonic inspection of Teflon® foreign objects 
Ultrasonic C-scan analysis was conducted at a frequency of 1 MHz with a raster 
increment of about 1.5 mm and an average raster speed of about 127 mm/sec. A full 
description of the ultrasonic inspection method is given in Chapter 3. The images were 
analysed using the software programme SCAN to determine the size of the Teflon® 
(Figures 5.6 to 5.8). 
As in Section 4.6.1, a measurement was made of the ultrasonic attenuation of the 
pristine area of the panels that was free of foreign body object damage. The baseline 
was -8 dB and any area with a higher attenuation showed up as white as in Figure 5.8. 
As previously explained, this type of measurement allowed for a more accurate analysis 
of the Teflon® foreign objects. Measurements of the delamination size using ultrasonics 
are shown in Tables 5.1 and 5.2 for the first two layers of Teflon® foreign body objects. 
Measurements for the rectangular shaped defects were taken in the middle of the panels 
while for the circular discs measurements were taken at the centre of the discs. The 
measurements were taken from the screen using the options available in the analysis 
Figure 5.5  Preparation of Panels #23 and #24 showing discs #2 and #8. 
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programme SCAN®, Figure 5.8. In all cases the ultrasonic C-scan measurements 
overestimated the actual size of the Teflon® foreign body objects. The reasons for this 
discrepancy can be attributed to three main causes: 
i. When the foreign object is inserted into the laminate, there is an additional 
thickness created around the object and resin fills this bridging. This resin build-
up and foreign object (in this case Teflon®) have a different sound velocity to 
the intact laminate and this can produce an indication in the resulting scan 
(Figure 5.9). 
ii. C-scan measurements were taken directly from the screen using the programme 
SCAN®. The pixel size measurement is about 1.5 mm, and it is not possible to 
measure any closer than this. This results in an indexing error of about ± 3 mm 
(taking into account the measurement on either side of the defect). This method 
of pixel analysis will either give the exact size or overshoot the size of the 
defective region by at most 3 mm. This method will never underestimate the size 
of the damaged region. 
iii. TTU is optimised to find defects greater than 13 mm in size in the quickest 
possible time. The size of the foreign bodies used in this experiment were 
between about 7 and 15 mm, thus resulting in possible error as these size defects 
are either lower than or close to the scan parameters of the C-scan equipment. 
The method was standardised for the defect size of 12.7 mm because this is the 
standard used by the aerospace industry for the inspection of aircraft 
components. 
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TEF #1 
TEF #2 
TEF #3 
TEF #4 
TEF #5 
TEF #6 
TEF #1 
TEF #2 
TEF #3 
TEF #4 
TEF #5 
TEF #6 
Fig 5.6  Ultrasonic C-scan images of Teflon® foreign body objects (a) Panel #21,        
(b) Panel #22. Scan from bag side. 
(a) (b) 
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Fig 5.8  Ultrasonic C-scan of (a) Panel #21 and (b) Panel #24 with baseline 
removed. View from bag side. 
(a) (b) 
TEF #1 
TEF #2 
TEF #3 
TEF #4 
TEF #5 
TEF #6 
DISC #1 
DISC #2 
DISC #3 
DISC #4 
DISC #5 
DISC #6 
DISC #7 
DISC #8 
DISC #9 
DISC #10 
DISC #11 
DISC #12 
17 mm 
~17 mm 
~17 mm 
~11 mm 
~11 mm 
DISC #1 
DISC #2 
DISC #3 
DISC #4 
DISC #5 
DISC #6 
DISC #8 
DISC #7 
DISC #2 
DISC #9 
DISC #10 
DISC #11 
DISC #1 
DISC #2 
DISC #3 
DISC #4 
DISC #5 
DISC #6 
DISC #7 
DISC #8 
DISC #9 
DISC #10 
DISC #11 
DISC #12 
(a) (b) 
Figure 5.7  Ultrasonic C-scan images of Teflon® foreign body objects (a) Panel #23,            
(b) Panel #24. Scan from bag side. 
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Figure 5.9  Sketch showing resin rich bridging region for foreign body object in carbon 
composite. 
 
 
 
 
Table 5.1  Width of rectangular shaped Teflon® foreign body objects for Panels #21 and #22 
measured with C-scan. Panels painted with high emissivity black paint. Average actual width of 
Teflon® objects at centre 12.3 mm. Error in measurement about ±0.8 mm 
 
Theoretical 
Depth of 
Teflon® 
Panel #21  
(mm) 
A-Scan 
depth 
of 
Teflon 
Panel 
#21 
(mm) 
Average 
actual 
width of 
Teflon® 
(mm) 
C-scan 
Teflon® 
size at 
centre 
of Panel 
#21                        
(mm) 
Theoretical 
Depth of 
Teflon® 
Panel #22 
(mm) 
 
A-Scan 
Depth 
of 
Teflon® 
Panel 
#22   
(mm) 
Average 
actual 
width of 
Teflon® 
(mm) 
C-scan 
Teflon® 
size at 
centre 
of Panel 
#22                       
(mm) 
TEF 
#1 0.7 1 12 15  1 1 12 17  
TEF 
#2 1 2 12 - 2 1 12 15  
TEF 
#3 2  2 12 14  -  12 - 
 
 
 
 
 
 
 
 
Ply 
Bridging 
region Teflon® Next 
ply 
Bridging 
region 
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Table 5.2  Diameter of circular  Teflon® foreign body objects for Panels #23 and #24 measured 
with C-scan. Panels painted with high emissivity black paint. Error in measurement about ±0.8 
mm 
 
Theoretical 
Depth of 
Teflon® of 
Panel #23 
(mm) 
A-Scan 
Depth 
of 
Teflon® 
Panel 
#23   
(mm) 
Average 
Actual 
Diameter 
of 
Teflon® 
Discs                       
(mm) 
C-scan 
Diameter 
of 
Teflon® 
Panel 
#23                   
(mm) 
Theoretical 
Depth of 
Teflon® of 
Panel #24 
(mm) 
A-Scan 
Depth 
of 
Teflon® 
Panel 
#24   
(mm) 
Average 
Actual 
Diame ter 
of 
Teflon® 
Discs                   
(mm) 
C-scan 
Diameter 
of 
Teflon® 
Panel 
#24                       
(mm 
DISC 
#1 0.7 17 14 15  1 1 14 17  
DISC 
#2 1 2 14 15  2 2 14 17  
DISC 
#7 0.7 1 7 8  1 1 7 11  
DISC 
#8 1 1 7 8  2 2 7 10  
5.2.3.2 Flash Thermographic Inspection of Teflon® Foreign Body Objects  
The flash thermographic system was optimised to produce images showing the greatest 
thermal contrast of the foreign body objects. The panels were heated for 10 seconds 
during which period 200 thermographic images were recorded. Figures 5.10 and 5.11 
show typical truncated sequences of thermal images of the Teflon® foreign objects 
taken at different times after flash heating. The left-hand side view is the panel coated 
with high emissivity black paint while the right-hand view is coated with Synskin® and 
high emissivity black paint. The images provide details of the shape and location of the 
Teflon® foreign objects, but only up to a depth of about 2 mm for the Type A 
rectangles, about 2 mm for the Type C discs, and only to a depth of about 1 mm for the 
Type B discs. 
To determine the foreign object size, the same method of analysis was used as in 
Chapter 3, where the data defining the defect area was excluded and the remaining data 
representing the non-defect region was used to determine a polynomial line-of-best-fit. 
This curve was then assumed to take on the trajectory of the intensity signal from the 
composite material where there was no foreign object present. The intersection of the 
baseline and the foreign object curve was used as an approximation of the defect size; 
Tables 5.3 and 5.4. As depth increases the ability to determine the size of the Teflon® 
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objects using the baseline method significantly decreases. The FWHM method, albeit 
closer to the C-scan results, became inaccurate for the Type B discs at depths of about 
1.27 mm. Curves showing the thermographs of the various defect sizes are shown in 
Figures 5.12 to 5.15. Coating panels with Synskin® hinders definition and depth 
viewing of the Teflon®. Coating with black paint significantly reduces emissivity, but 
the ability to determine the size of the Teflon® with any significant accuracy is 
diminished. Flash thermography is suitable for determining size of Type A rectangular 
and Type C disc shaped Teflon® foreign objects up to a depth of about 0.7 mm and for 
depths of about 0.8 mm for Type B Teflon® discs.  
Table 5.3  Table of width of Teflon® foreign body and width for Panels #21 and #22. Panels 
painted. Average actual width of Teflon® objects at centre 12.4 mm. 
Foreign 
body 
number 
C-scan 
size at 
centre 
of     
Panel 
#21 
(mm) 
Flash 
thermographic 
size at centre 
of Panel #21 
(mm) 
Flash 
thermographic 
FWHM  Panel 
#21 (mm) 
C-scan 
size at 
centre 
of     
Panel 
#22 
(mm) 
Flash 
thermographic 
size at centre 
of Panel #22 
(mm) 
Flash 
thermographic 
FWHM  Panel 
#22 (mm) 
TEF #1 15  20  14  17  15  13  
TEF #2 
- - - 15  25  15  
TEF #3 14  36  10   - - 
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t = 0 s 
t = 0.6 s t = 1.2 s 
t = 1.8 s t = 2.4 s t = 3.0 s 
t = 3.6 s t = 4.2 t =4.8 s 
t = 5.4 s t = 7.2 s t = 9.6 s 
Figure 5.10  Series of flash thermograms of Panels #21 and #22 showing the progression of 
the appearance of Teflon® rectangular shaped foreign body objects. View illuminated side. 
Scan rate: 20Hz. Left-hand view: painted, right-hand view: Synskin® and painted. 
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t =0 s t = 0.6 s t = 1.2 s 
t = 1.8 s 
t = 2.4 s 
t = 3.0 s 
t = 3.6 s t = 4.2 s t = 4.8 s 
t = 5.4 s t = 6.6 s t =7.2 s 
Figure 5.11  Series of flash thermograms of Panels #23 and #24 showing the progression of 
the appearance of Teflon® disc shaped foreign body objects. View illuminated side. Scan 
rate: 20Hz. Left-hand view: coated with high emissivity black paint, right-hand view: coated 
with high emissivity black paint and Synskin®. 
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Table 5.4  Table of diameter of Teflon® foreign body and width for Panels #23 and #24. Panels 
painted with high emissivity black paint. 
Foreign 
body 
number 
Average 
Actual 
Diameter 
of 
Teflon® 
Panel 
#23                       
(mm) 
C-
scan 
size 
at 
centre 
of     
Panel 
#23 
(mm) 
Flash 
thermographic 
size at centre 
of Panel #23 
(mm) 
Flash 
thermographic 
FWHM  Panel 
#23 (mm) 
Average 
Actual 
Diameter 
of 
Teflon® 
Panel 
#24                       
(mm) 
C-
scan 
size 
at 
centre 
of     
Panel 
#24
(mm) 
Flash 
thermographic 
size at centre 
of Panel #24 
(mm) 
Flash 
thermographic 
FWHM  Panel 
#24 (mm) 
DISC 
#1 14 15  20 11  14 17 26 14 
DISC 
#2 14 15  13  10  14 17 - - 
DISC 
#7 7 8  11 6 7 11 15  8  
DISC 
#8 7 8  48 22 7 11 - - 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.12  Flash thermograph of Panel #21, TEF#1 insert showing 
base-line and FWHM sizes of defect at 0.6 seconds after flash.Panel 
coated with hight emissivity black paint. Actual size of Teflon® 12.3 mm. 
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Figure 5.13  Flash thermograph of Panel #22, TEF#1 insert showing 
base-line and FWHM size of defect at 0.6 seconds after flash.Coated with 
high emissivity black paint and Synskin®. Actual size of Teflon® 12.3 mm. 
Figure 5.14  Flash thermograph of Panel #23, DISC #1 insert showing base-
line and FWHM measurement. Coated with high emissivity black paint and 
Synskin®. Reading taken 1.2 seconds after flash. Actual diameter of Teflon® 
disc 14.3 mm. 
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5.2.3.3 Line-Scan Thermographic Inspection of Teflon® Foreign Body Objects 
The line-scan thermography method used to inspect the composite panels containing the 
Teflon® is described in Chapter 3, and examples of line-scan thermal images for Panels 
#1 to #4 over a 25 second scan period are shown in Appendix E, Figures E.1 to E.6. For 
Panels #21 and #22, the width measurements of the rectangular shaped Teflon® foreign 
body objects were taken along the panel centre, while the measurements for Panels #23 
and #24 were taken along the centre of each Teflon® disc. This was done to be 
consistent with the measurement locations for the ultrasonic C-scan and flash 
thermography tests as well as to minimise thermal edge effects. Two sets of scans were 
taken for Panels #22 and #24 in which the illuminated side was inspected with and 
without high emissivity black paint to determine whether there was any appreciable 
difference for the detection of Teflon® objects. It was found that screen distortions were 
prevalent due to thermal reflections probably from various sources caused by the lower 
emissivity of Synskin®, were found to interfere with the results and thus were not used 
Figure 5.15  Flash thermograph of Panel #23, DISC #7 insert showing 
base-line and FWHM measurement. Coated with high emissivity black paint 
and Synskin®. Reading taken 1.2 seconds after flash. Actual size of Teflon® 
disc 7.2 mm. 
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to determine the size of the Teflon® objects. It is beyond the scope of this project to 
identify the sources which caused these distortions.  
Panels #21 and #22 (Rectangle Teflon® inserts) 
The Type A Teflon® inserts were difficult to detect within the panels because of their 
weak thermal mismatch, and significant grey scale modification was required to obtain 
an acceptable image, Figures 5.16 to 5.18. Grey scale modification was not required for 
the delaminations, impact damage or back drilled holes because the thermal properties 
between these defects and the composite material were high enough to produce clear 
images whereas the thermal properties of the Teflon® are closer to that of the composite 
material and thereby produce less thermal contrast and require grey scale modification. 
The grey scale modification was achieved by adjusting the grey scale palette properties. 
The clearest view of the Teflon® was in Panel #21 which was coated with high 
emissivity black paint, where the foreign objects were visible to a depth of about 2 mm. 
Depth of view for Panel #22, coated with Synskin® with and without the additional 
coating of high emissivity black paint, was to a depth of about 2 mm. As reported in 
Chapter 4, line-scan thermographic analysis of panels coated with Synskin® produced 
screen distortions, which did not occur when the same panels were subsequently coated 
with high emissivity black paint. Coating panels with Synskin® and high emissivity 
black paint resulted in less depth resolution than with Synskin® alone, but provided 
higher definition of the defects closer to the surface. This result is consistent with 
rectangular shaped Teflon® objects, albeit to a lesser extent than with the delaminations 
(studied in Chapter 4) due to the lack of thermal contrast. 
 
 
Figure 5.16  Panel #21 TEF #1 foreign body object at a distance of about 68.8 mm from the 
centre of the Teflon showing the difference in view of the defect when the greyscale has been 
modified. Left hand view, using full greyscale range and right hand view, modified greyscale 
range showing more defined defect. Panel: painted. Scan speed 22.1 mm/sec. 
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Figure 5.18  Panel #22 TEF #1 foreign body object at a distance of about 59.2 mm from the 
centre of the Teflon showing the difference in view of the defect when the colour has been 
modified. Left hand view, using greyscale range and right hand view, modified greyscale 
range showing more defined defect. Panel: painted. Scan speed 22.1 mm/sec. 
Figure 5.17  Panel #22 TEF #1 foreign body object at a distance of about 59.2 mm from the 
centre of the Teflon showing the difference in view of the defect when the colour has been 
modified. Left hand view, using full greyscale range and right hand view, modified greyscale 
range showing more defined defect. Note additional brightness in right hand view is due to 
screen distortion. Panel: unpainted. Scan speed 22.1 mm/sec. 
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Figures 5.19 shows grey scale modified thermograms of the Teflon® defects at a scan 
speed of 22.1 mm/sec for Panel #22 coated with Synskin®. TEF #1 and TEF #2 were 
visible regardless of a coating of high emissivity black paint, however the unpainted 
panel with Synskin® produced screen distortion which does not occur with painting. 
This indicates that the screen distortion is an emissivity effect due to reflection from the 
line-scan, and validates the need to paint the composite panels for optimum depth view 
and analysis. There is no advantage in depth visibility using a high emissivity black 
paint in the case of Type A rectangular Teflon® foreign body shapes, but assisted only 
in increasing the emissivity of the panel for inspection and a slightly more defined 
image.  
 
Figure 5.20 shows the grey scale modified thermogram for painted Panel #21. The raw 
data thermographs of Panel #21 for defects TEF #1 to TEF #3 are shown in Figure 5.21 
corresponding to the line of inspection in Figure 5.20. As expected, the thermal 
response decreases the deeper the Teflon® defects are situated from the line source. 
Interference from screen distortion in the unpainted Panel #22 results were not reliable 
and hence were not considered. 
TEF #1 
TEF #2 
Screen distortion 
(a) 
TEF #1 
TEF #2 
(b) 
Figure 5.19  Line-scan thermographs of Panel #22 (a) with Synskin® and uncoated and (b) 
coated with high emissivity black paint showing the first two Teflon® rectangular defects 
closest to the inspection surface. Scan speed 22.1 mm/sec. Note screen distortion in (a). 
Thermograms greyscale modified. 
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Figures 5.22 and 5.23 show the thermograms for Panel #21, TEF #1 and TEF #3 for the 
inspecting scan speeds. The curve shape sizes in the width (horizontal direction) for the 
scan ranges are constant, showing some variation in normalised intensity (vertical 
direction) for different scan speeds. It is noted that the thermogram does not show an 
image as defined as when the panel is coated with Synskin® and painted with high 
emissivity black paint. 
 
 
 
 
 
 
 
 
Figure 5.20  Thermogram of Panel #21 showing 
Teflon foreign body objects TEF #1 to #3. Scan sped: 
22.1 mm/sec. Panel coated with high emissivity black 
paint. Thermogram grey scale modified. 
Line of inspection 
Figure 5.21  Raw data thermograph for Panel #21 for the foreign body 
objects closest to the surface tested at different scan speeds. Panel coated 
with high emissivity black paint. 
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Figure 5.22  Relationship between scan speed and normalised signal 
intensity for rectangular shaped Teflon® foreign body object for Panel #21. 
Details: TEF #1 at about 70  mm from centre of line source. Panel: painted 
with emissivity black paint. 
Figure 5.23  Relationship between scan speed and normalised signal intensity 
for rectangular shaped Teflon® foreign body object for Panel #21.           
Details: TEF #3 at about 106  mm from centre of line source. Panel: painted 
high emissivity black paint. 
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Table 5.5 gives a comparison of the measured size of the defects and the FWHM 
measurements for painted Panels #21 and #22 over the measured scan speeds. In all 
cases the base line measurements significantly overestimated the defect size compared 
to the ultrasonic measurements whereas the FWHM measurement was close to the 
actual size of the Teflon® and therefore is a more reliable measure of defect size than 
the base line measurement, but less than the ultrasonics measurement. As already stated, 
Synskin® reduces the depth of detection (painted or unpainted panel), and in the case of 
Type A Teflon® objects give a marginal extra clarity to the thermograms. The base line 
measurement was not considered a good estimate of defect size.  
Table 5.5  Foreign body object sizes of Panels #21 and #22 from line-scan thermography using 
base-line and FWHM measurements. Panels painted with high emissivity black paint. Actual 
width of Teflon: 12.3 mm. Error in measurement about ±0.6 mm 
Normalised inverted line-scan thermal response curves for Panels #21 and #22, TEF #1 
at the line-scan measurement where intensity is at the highest and normalised C-scan 
thermal response curves are shown in Figures 5.24 and 5.25. For the deeper defects see 
Appendix F, Figures F.1 and F.2. As with the impact damage results (Chapter 3) and 
delamination results (Chapter 4), correlation between the shape of the curves is good for 
all depth measurements that are visible with line-scan thermography. The best results 
are found with composite panel painted with high emissivity black paint and where the 
Size of foreign body object Panel #21 
painted (mm) 
Size of foreign body object Panel #22 
painted (mm) Scan 
speed 
(mm/s) 
TEF     
#1 
FWHM 
#1 
TEF 
#3 
FWHM 
#3 
TEF 
#1 
FWHM 
#1 
TEF.  
#2 
FWHM 
#2 
6.7 20  13  28  13  23  15  31  13  
11.2 20  13  25  13  25  15  20  13  
13.4 20  13  25  13  20  15  20  13  
15.4 20  13  25  13  20  15  20  13  
17.7 20  13  25  13  18  13  20  13  
22.1 20  13  23  13  20  13  23  13  
24.3 20  13  25  13  18  13  20  13  
25.9 20  13  25  13  18  15  20  13  
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defects are very close to the inspection surface. It can be concluded from these results 
that line-scan thermography is a valid technique for detecting Teflon® rectangular 
shaped foreign body objects of Type A dimensions or greater. 
 
 
 
 
 
 
 
 
Figure 5.24  Comparison of inverted line-scan normalised thermal response 
profile (at 22.1 mm/sec scan speed) for painted Panel #21, TEF #1 at about 70  
mm from centre of line source and a delamination depth of about  0.64 mm and 
C-scan profile. 
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Histogram comparing the C-scan, FWHM flash thermogrpahy, and maximum intensity 
FWHM line-scan thermography measurements for Panels #21 and #22 are presented in 
Figure 5.26. The defect size measured using FWHM line-scan thermography results 
consistently underestimates the size compared to ultrasonics. However, compared to the 
actual size of the Teflon® results, were in  satisfactory agreement. The FWHM results 
from flash thermography were also lower than the ultrasonics results, and were also in 
the ball park measurements for the actual size of the Teflon® for the painted only 
panels. 
 
 
 
 
 
 
 
Figure 5.25  Comparison of inverted line-scan normalised thermal response 
profile (at 11.2 mm/sec scan speed) for painted Panel #22 DEF #1 at about 
76.2 mm from centre of line source and a delamination depth of about 0.8 
mm and C-scan profile. 
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Panels #23 and #24 (Circular Teflon® inserts) 
As with the Type A Teflon® shape, the Type B and Type C disc shapes were also 
difficult to distinguish without significant grey scale modification. Figures 5.27 and 
5.28 show poor quality thermograms due to the small size of the Teflon®. Screen 
distortion was again significant with unpainted Panel #24 (Synskin®), with painting 
increasing the emissivity of the surface and hence the quality of the thermograms, albeit 
still not with the resolution needed for accurate defect size determination. Unpainted 
Panel #24 was not used in the analysis because of the poor quality of the thermograms 
and screen distortions. The clearest thermograms were achieved with Panel #23, 
including the deepest depth visibility. See Appendix E, Figures E.4 to E6. 
Polynomial function analysis was conducted on the thermographic data for painted 
Panels #23 and #24 to determine the diameter of the Teflon® discs. Figures 5.29 and 
5.30 show the raw and normalised curves for the Teflon® discs, Panel #23 and DISC #1. 
(See Appendix G, Figures G.1 to G.7 for normalised results for all analysed data). The 
normalised thermographs show that the width measurements are consistent over the 
entire range of scan speeds, and as previously observed there is some variation in the 
normalised intensity. Detection of the Type C discs for Panel #23 was confined to 
within a depth of about 2 mm. At this depth, however the thermographs did not follow 
Figure 5.26  Histogram comparing size of Type A Teflon® foreign body 
objects for C-scan and full width half maximum measurement for flash 
thermography and line-scan thermography. 
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the same profile as the defects closer to the inspection surface and could not be 
analysed. For the Type B objects, detection was to a depth of about 1 mm. Panel #24 
(coated with Synskin and high emissivity black paint) shows a slight increase in 
definition for the defects closest to the surface, and a reduced heat penetration for the 
deeper defects. 
 
 
 
 
 
 
 
 
 
 
Figure 5.27  Thermogram of painted 
Panel #23 showing circular Type B 
and Type C foreign body objects. 
Scan speed: 22.1 mm/sec. 
Thermogram grey scale modified. 
Type B 
Type C 
Screen distortion 
(a) (b) 
Figure 5.28  Line-scan thermograms of Panel #24(a) coated with Synskin® and (b) coated 
with Synskin and high emissivity black paint showing Type B and Type C foreign body 
objects. Scan speed 22.1 mm/sec. Thermograms grey scale modified. 
Type B 
Type B 
Type C 
Type C 
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Tables 5.6 and 5.7 give the measured disc diameter and FWHM for painted 
 
 
 
 
 
 
 
 
 
 
Figure 5.29  Relationship between scan speed and raw signal intensity for 
disc shaped Teflon® in for Panel #23. Details: DISC #1 at about 53 mm 
from centre of line source. Panel painted with high emissivity black paint. 
Figure 5.30  Relationship between scan speed and normalised signal intensity 
for disc shaped Teflon® in Panel #23. Details: DISC #1 at about 53 mm from 
centre of line source. Panel painted with high emissivity black paint. 
Chapter 5: Line-scan thermographic inspection of foreign body objects in composites 
 
 - 174 - 
Tables 5.6 and 5.7 give the measured disc diameter and FWHM for painted Panels #23 
and #24. As with the rectangular shaped Teflon® defects, the base-line results 
significantly overestimate the defect sizes. The results for Panel #23 show that for DISC 
#1 the FWHM was less than the actual size of the Teflon® discs, with accuracy further 
diminishing for the deeper defect, DISC #2. The results for Panel #24 show slightly 
larger diameter readings when the panel is coated with Synskin® alone; however, these 
results are closer to the ultrasonics results. For the Type B discs, the FWHM results for 
DISC #7 were of satisfactory agreement with the actual size of the Teflon® discs. For 
the deeper defect, DISC #8 showed a general increase in diameter size. For Panel #24, 
coated with Synskin®, the FWHM results were of satisfactory agreement to the actual 
disc size, but the deeper discs showed a general increase in size. 
Table 5.6  Panels #23 and #24, Teflon foreign body object Type C. Discs #1 and #2. Error in 
measurement about ±0.6 mm 
Size of foreign body object                   
Panel #23 coated with high emissivity 
black paint (mm)  
Actual disc size 14.3 mm 
Size of foreign body object Panel #24 
coated with high emissivity black paint 
and Synskin® (mm) 
Actual disc size 14.3 mm Scan 
speed 
(mm/sec) DISC #1 
FWHM 
#1 
DISC 
#2 
FWHM 
#2 
DISC 
#1 
FWHM 
#1 
DISC 
#2 
FWHM 
#2 
6.7 20  13  18  10  18  13  23  15  
11.2 20  13  18  10  20  15  20  15  
13.4 20  13  15  10  25  15  20  13  
15.4 18  13  15  10  18  15  20  15  
17.7 20  13  15  10  25  15  20  15  
22.1 18  13  15  10  - 15  20  15  
24.3 18  13  18  10  - 15  18  13  
25.9 20  13  18  10  25  15  18  15  
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Table 5.7 Line-scan thermographic results for Panels #23 and #24, Teflon foreign body object, 
6.4 mm diameter. Discs #7 and #8. Error in measurement about ±0.6 mm 
Size of foreign body object Panel #23 
coated with high emissivity black paint 
(mm) 
Actual diameter of Teflon® disc: 7.6 mm 
Size of foreign body object Panel #24 
coated with high emissivity black paint 
and Synskin® (mm) 
Actual diameter of Teflon® disc 7.6 mm Scan 
speed 
(mm/sec) DISC #7 
FWHM 
#7 
DISC 
#8 
FWHM 
#8 
DISC 
#7 
FWHM 
#7 
DISC 
#8 
FWHM 
#8 
6.7 20  8  20  8  - 8  46  13  
11.2 10  8  13  8  18  8  20  10  
13.4 13  5  13  8  20  8  28  13  
15.4 15  8  0. 8 8  18  8  25  13  
17.7 13  8  18  8  13  8  23  10  
22.1 10  5  15  8  13  8  23  13  
24.3 10  5  13  8  15  8  20  13  
25.9 18  8  10  8  18  8  20  10  
Normalised inverted line-scan thermal response curves and C-scan response curves for 
Panels #3 and #4 for DISCs #1 and #7 are compared in Figures 5.31 to 5.34. (Appendix 
H compares the curves for the deeper DISCs #2 and #8). There is close correlation 
between the C-scan and line-scan thermograph curves for depths up to 1.3 mm, 
indicating that line-scan thermography is a valid method for measuring disc shaped 
Teflon® foreign body objects. 
A comparison of the C-scan, the FWHM flash thermographic and the maximum 
intensity FWHM line-scan thermography measurements for Panels #23 and #24 are 
presented in Figures 5.35 and 5.36. There is no consistency in the measurements 
between the three methods. One reason is that the Teflon® defects are small and 
therefore accuracy in measurement becomes difficult. The main difference between the 
ultrasonic C-scan measuring system and the thermography methods is that the 
ultrasonics method is measured straight from the screen, whereas with thermography 
measurement is from the analysis of data.  
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Figure 5.31  Comparison of inverted line-scan normalised thermal 
response profile (at 11.2 mm/sec scan speed) for painted Panel #23 DISC 
#1 at about 53  mm from centre of line source and a delamination depth of 
about 0.7 mm and C-scan profile. 
Figure 5.32  Comparison of inverted line-scan normalised thermal 
response profile (at 15.4 mm/sec scan speed) for painted Panel #23 DISC 
#7 at about 50  mm from centre of line source and a delamination depth of 
about 0.7 mm and C-scan profile. 
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Figure 5.33  Comparison of inverted line-scan normalised thermal response 
profile (at 17.7 mm/sec scan speed) for painted Panel #24 DISC #1 at about 
76  mm from centre of line source and a delamination depth of about 0.8 mm 
and C-scan profile. 
Figure 5.34  Comparison of inverted line-scan normalised thermal response 
profile (at 15.4 mm/sec scan speed) for painted Panel #24 DISC #7 at about 79 
mm from centre of line source and a delamination depth of about 0.8 mm and C-
scan profile. 
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Figure 5.35  Histogram comparing the size of Type C disc shaped Teflon® 
foreign body objects for C-scan and full width half maximum measurement 
for flash thermography and line-scan thermography. 
 
 
Figure 5.36  Histogram comparing the size of Type B disc shaped Teflon® foreign  
body objects for C-scan and full width half maximum measurement for flash  
thermography line-scan thermography. Note: there are no flash thermographic 
results for Panels #3 and #4 DISC #8 due to the inability of the flash thermograph 
to detect the defects. 
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5.3 EXPERIMENTAL DETAILS OF LAMINATES CONTAINING 
STAINLESS STEEL SHIM 
Stainless steel shim that was not able to be removed from between the ply layers of the 
carbon/epoxy laminate (Panel #1, Chapter 4) was examined to evaluate the ability of 
line-scan thermography to detect this kind of foreign body object. The results are 
compared to ultrasonic C-scan and flash thermography. 
5.3.1 Materials and preparation 
The preparation for Panel #1 is described in Chapter 4 where Shim #9 and Shim #7 are 
the areas of interest. Steel shim wedges of 0.05 mm thickness were covered with Airtec 
Tooltec A500® which was used as a release media. The exposed ends of the shims were 
covered with High Temperature Flash Breaker Tape 3M™ Scotch Brand 855 to 
facilitate removal from the composite material. However, in some cases, the shims 
could not be removed due to breakage at the grip area. Shims #7 and #9 on Panel #1 
could not be removed and were close enough to the inspection surface to enable 
investigation with line-scan thermography. 
5.3.2 Experimental Results and Discussion 
5.3.2.1 Ultrasonic inspection of metal shims 
The ultrasonic C-scan inspection technique of the stainless steel shims is described in 
section 4.6.1. Ultrasonic A-scan was conducted on the metal shims for Shim #7 and 
Shim #9 to determine their depth, and the results are shown in Table 5.8. Ultrasonic C-
scan analysis clearly shows the shims with very little change in definition between the 
delamination except where water ingress occurs, Figure 5.37. 
Table 5.8  Ultrasonic A-scan depths and C-scan measurements of shims for Panel #1 
  
 
 
 
Shim  
number 
Actual depth 
(mm) 
Depth of shims 
(A-scan) 
(mm) 
Actual size of 
shim at centre of 
panel 
(mm) 
Shim size  
at centre of pane 
(mm) 
9 1 1 11 14 
7 2  2 11 15  
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Figure 5.37  Ultrasonic C-scan of Panel #1 
showing Shims #7 and #9. There does not appear 
to be any major difference in appearance 
between the shims and delaminations, except 
where water ingress occurs at the open end of 
the induced delamination. 
Chapter 5: Line-scan thermographic inspection of foreign body objects in composites 
 
 - 181 - 
5.3.2.2 Flash thermographic inspection of metal shim 
The flash thermography system was optimised to produce images showing the greatest 
thermal contrast between the steel shims and the sound laminate. The panels were flash 
heated for 10 seconds during which period 200 thermographic images were recorded. 
Figures 5.38 and 5.39 shows Panel #1 at 3.2 and 9.6 seconds after flash, respectively. 
This time span enables sufficient heat to have been absorbed by the panel. Grey scale 
modification of the thermograms was required to clearly observe the defects. From 
these thermograms it is seen that delaminations result in a much brighter response than 
the metal shims. Note however, that the panels were placed for flash thermography on 
an angle due to the size restriction of the flash box. This geometric effect was not 
removed or corrected from the image analysis because of the likely introduction of an 
error with an unquantifiable value. This then prevented accurate measurement of the 
defect sizes. 
 
5.3.2.3 Line-scan thermographic inspection of metal shim 
The line-scan thermography method used to inspect for the metal shims in carbon 
composite is described in Chapter 3. As with the induced delaminations in Chapter 4, 
the line-scan thermographic measurements were taken along the panel centre to be 
consistent with the ultrasonic C-scan tests (see section 4.6.2 for further explanation). A 
Figure 5.38  Flash thermogram for Panel 
#1 at 3.2 seconds after flash. The 
thermogram clearly shows the shim, Shim 
#9 as well as the delamination, Del #8. It is 
clear in the flash thermogram that the 
delamination is brighter than the shim.  
Shim #9 
Del #8 
Figure 5.39  Flash thermogram for Panel 
#1 at 9.6 seconds after flash. The 
thermogram shows the duller shims and 
the deeper delaminations. It can be seen 
from this thermogram that delaminations 
are represented brighter than shim. 
Shim#9 
Del #8 
Shim #7 
Del #6 
Del #5 
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truncated time series of line-scan thermograms are presented in Figure 5.40 showing 
Shim #9 and Del #8, although Shim #7 is not visible. The thermogram sequence reveals 
that the visibility of the shim increases towards the location of the line source. As 
distance increases from the line source, the visibility decreases steadily to the point 
where the shim is not visible. 
Polynomial function analysis, as described in Chapter 3, was applied to the Shim #9 
thermographic results, Figure 5.41. The normalisation factor was determined at the scan 
speed that had the highest signal intensity for each shim. Base-line size and FWHM 
measurements of Shim #9 at centre of panel over the scan range is shown in Table 5.9. 
Regardless of the scan speed, the base-line measurements grossly over estimated the 
ultrasonic C-scan measurement of 14 mm, while the full-width-half–maximum 
measurement underestimated the size of the shim by about 15%. It should also be noted 
that there is a correlation between the inverted line-scan thermograph and the ultrasonic 
C-scan, Figure 5.42. It can be concluded from these results that line-scan thermography 
is a valid technique for detecting metal shims in composites. 
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t = 1.2 s t = 2.4 s 
t = 3.6 s t = 4.8 s t = 6.0 s 
t = 7.2 s t = 8.4 s t = 9.6 s 
Figure 5.40  Application of line-scan thermography to detect damage from shims at a depth of 
about 0.8 mm. Thermogram sequence reveals the shim is visible at positions close to the line 
source. As distance increases from the line source, visibility decreases to a point where the 
shim is not visible. The total scan period was for 30 seconds at a scan speed of 17.7 mm/sec. 
The panel is moving from the top to the bottom of the photograph with time. Panel is coated 
with high emissivity black paint. Note the contrast between the delamination and shim. 
Shim #9 
Shim #9 
Shim #9 
Shim #9 
Shim #9 
Del #8 Del #8 
Del #8 
Del #8 
Del #8 
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Table 5.9  Panel #1, stainless steel metal shim foreign body object, size of defect and FWHM 
measurements for Shim #9. Actual shim width 11.2 mm. Error in measurement about ±0.6 mm 
Scan Speed (mm/sec) 
Line-scan thermographic base 
line measurement (mm) FWHM (mm) 
6.7 19 11  
11.2 21 12 
13.4 20 11 
15.4 20 11 
17.7 23 12 
22.1 27 12 
24.3 24 12 
25.9 29 12 
 
Figure 5.41  Relationship between scan speed and normalised signal 
intensity for the shim in Panel #1. Details: Shim #9 at a distance of about    
63 mm from centre of line source. Panel painted with high emissivity black 
paint. 
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Figure 5.42  Comparison of inverted line-scan normalised thermal 
response profile (at 17.7 mm) for painted Panel #1 Shim #9 at about        
63 mm from centre of line source and a depth of about 0.8 mm and C-scan 
profile. 
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5.4  EXPERIMENTAL DETAILS OF LAMINATES CONTAINING 
THEMOPLASTIC FILM (BACKING PAPER) 
Thermoplastic film (or backing paper) is a common source of foreign body object 
because it can be inadvertently cured into prepreg composite parts and is therefore 
important to assess the ability of line-scan thermography to detect it. 
5.4.1 Materials and preparation  
Four 20 ply carbon/epoxy panels were manufactured at Hawker de Havilland 
(Melbourne, Australia) using epoxy preimpregnated carbon fibre woven fabric: Cytec® 
977-3/5HS6K 0.35 mm/ply toughened epoxy resin [3]. The total size of each panel was 
about 100 x 480 mm. The panels were examined only from the illuminated side 
(toolside) to be consistent with the previous experiments. As with the Teflon® inserts, 
two panels were made to represent 2-dimensional heat flow and the other two to 
represent 3-dimensional heat flow according to BAC 5980 [2]. Details of each panel are 
given in Figures 5.43 to 5.46. As with the Teflon®, to represent 2-dimensional heat flow 
in the panels, double layers of about 12.3 x 101.6 ±  0.2 mm rectangular shaped backing 
paper (Type A) were inserted at various depths during lay-up. For the 3-dimensional 
representation of heat flow, double layer backing paper discs of diameter 7.2 and 14.3 
±  0.2 mm (Type B and Type C respectively) were inserted into the panels during lay-
up at various depths. The rectangular shapes were located about 38 mm apart while the 
circular discs were located about 38 mm apart in the vertical direction and about 51 mm 
apart in the horizontal direction to prevent thermal interference between the backing 
paper shapes. The illuminated side of the panels were painted with a thin coat of flat 
black paint to reduce emissivity. 
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Figure 5.43  Panel #10. 
20 ply panel containing backing paper representing 2-D heat flow. 
Figure 5.44  Panel #12. 
20 ply panel representing containing backing paper representing 2-D heat flow with Synskin® 
and Tedlar®. 
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Figure 5.45  Panel #6. 
20 ply panel containing backing paper representing 3 -D heat flow. 
Figure 5.46  Panel #8. 
20 ply panel containing backing paper representing 3-D heat flow with Synskin® and Tedlar®. 
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5.4.2 Method of inspection 
Three methods of inspection were used to inspect for the backing paper in the 
carbon/epoxy panels: C-scan ultrasonics, flash thermography and line-scan 
thermography. 
5.4.3 Experimental Results and Discussion 
5.4.3.1 Ultrasonic inspection of backing paper 
Ultrasonic C-scan inspection was conducted at a frequency of 1 MHz with a raster 
increment of about 2 mm and an average raster speed of 13 mm/sec. A full description 
of the ultrasonic inspection method is given in Chapter 3. The images were analysed 
using the software programme SCAN to determine the size of the backing paper. The 
resulting C-scans resulted in poor visibility of the backing paper, Figure 5.47. As in the 
previous sections, a measurement was made of the ultrasonic attenuation of the pristine 
area of the panels that was free of backing paper. The baseline for the best analysis was 
-10 dB, and any area with a higher attenuation appeared brighter as in Figure 5.48. 
Visibility of the backing paper was improved with the statistical analysis; however it can 
be seen in the figures that the visibility of the 6.4 mm circular discs was not good. It can 
be concluded that ultrasonics C-scan is an acceptable method for detecting backing 
paper in composites above a certain size. For the disc shaped paper, the quality of 
images becomes more difficult to distinguish with the smaller 6.4 mm discs. 
Measurements of the defect size are shown in Table 5.10 and 5.11. 
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Figure 5.47  Ultrasonic C-scans of panels with backing paper, showing the poor quality 
of the scans. Images not modified. 
Panel #10 Panel #12 Panel #6 Panel #8 
Panel #8     Panel #6 Panel #12   Panel #10 
Figure 5.48  Ultrasonic C-scan of panels with backing paper. Images grey scale 
modified. 
Figure 5.48  Ultrasonic C-scan of panels with backing paper. Images grey-scale 
modified. 
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Table 5.10  Width of backing paper in Panels #10 and #12 measured with C-scan ultrasonics. 
Panels painted with high emissivity black paint. Actual width 12.3 mm. 
 
Actual Depth of 
film Panel #10 
(mm) 
Delamination 
size at centre of 
Panel #10 (mm) 
Actual Depth of 
delamination 
Panel #12 (mm) 
Delamination 
size at centre of 
Panel #12 (mm) 
Film #1 1 17 1 17 
 
Table 5.11  Diameter of backing paper in Panels #6 and #8. Panels painted with high 
emissivity black paint. Actual diameter: Film #1-14.5 mm; Film #7-7.2 mm. 
 
Actual Depth of 
Backing paper 
Panel #6 (mm) 
Backing paper 
size at centre of 
Panel #6 (mm) 
Actual Depth of 
backing paper 
Panel #8 (mm) 
Backing paper 
size at centre of 
Panel #8 (mm) 
Film #1 1 15  1 8  
Film #7 1 15  1 6 
 
5.4.3.2 Flash thermographic inspection of backing paper 
The flash thermography system was optimised to produce images showing the 
greatest thermal contrast of the backing paper. As with previous flash thermographic 
inspections, the panels were heated for 10 seconds during which period 200 
thermographic images were recorded. Figure 5.49 shows Panel #10 at 0.6 seconds 
after the flash. This time span enables sufficient heat to have been absorbed by the 
panel. As opposed to the Teflon® or steel shim objects which were detected using 
flash thermography (albeit not so well defined), the backing paper was detectable 
without further optimisation of the flash technique (Figure 5.49 (b)). The post-
processing optimisation technique uses singular value decomposition to yield the 
eigenfunctions and eigenvalues that describes the spatial and temporal variations in 
the original data [4]. As with the metal shims, accurate size measurements of the 
backing paper could not be taken due to the panels being examined on an angle due to 
size restrictions of the flash box.  
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5.4.3.3 Line-scan thermographic inspection of backing paper  
The line-scan thermography method used to inspect the backing paper foreign body 
panels is described in Chapter 3 and examples of the line-scan thermal images for 
Panels #6 #8, #10 and #12 are shown in Figure 5.50. As opposed to flash 
thermography where the post processing techniques are more developed, there was no 
indication of foreign body matter within the panels. Both with ultrasonic C-scan and 
flash thermography the resulting scans were not of high quality for backing paper 
foreign body objects, but were detectable. Until such time as post processing 
techniques are developed for line-scan thermography, it is not a valid method for 
inspection of backing paper in composites. 
 
 
 
 
 
Figure 5.49  Flash thermograms for Panel #10 at 0.6 seconds after flash (a) showing the raw 
average thermogram where no backing paper is visible (b) thermogram after singular value 
decomposition showing film #1 and #2. 
(a) (b) 
film #2 
film #1 
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Panel #12 at 17.7 mm/sec scan speed. Panel #10 at 17.7 mm/sec scan speed. 
Panel #6 at 17.7 mm/sec scan speed Panel #8 at 17.7 mm/sec scan speed 
Figure 5.50  Grey scale modified line-scan thermograms for the four panels containing 
backing paper. Since there is no post-processing technique available to improve the signal-to-
noise ratio for line-scan thermography (except greyscale modification), there was no 
indication of backing paper in the panels. 
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5.5 CONCLUSIONS 
The study presented in this chapter assessed the limits of line-scan thermography to 
detect foreign body objects in carbon/epoxy panels. Line-scan thermography is 
capable of detecting Teflon® and metal shim, but is not capable of detecting backing 
paper which highlights a need for further study into the technique to develop post-
processing methods to reduce signal-to-noise disturbances. 
Line-scan thermography is capable of determining rectangular and disc shaped 
Teflon® objects to a depth of about 2.3 mm for plain painted panels, but with the 
presence of Synskin® and a coating of high emissivity black paint this reduces to 
about 1.3 mm. In all inspections the FWHM results for the rectangular shaped 
Teflon® gave satisfactory correlation with the actual size, but underestimated the size 
compared to ultrasonic C-scan results. These results are consistent with the 
delamination results in Chapter 4. There was a slight increase in definition using 
Synskin®, but reduced heat penetration and thus proved to be of no advantage in the 
detection of defects. 
The base-line method of determining the size did not give accurate results, and is not 
considered a reliable method to determine defect size. The relationship between the 
ultrasonic C-scan and the line-scan thermal response curves was good for the Teflon®, 
which further indicates that the line-scan thermographic technique is a valuable 
inspection tool. It was also found for foreign body objects that the scan speed (over 
the range studied) did not make an appreciable difference in measured defect sizes or 
maximum depth of inspection 
Metal shim was detectable using the line-scan thermographic technique. Due to the 
thermal properties of the shim, contrast with the carbon/epoxy was less than for 
Teflon® and induced delaminations. It was found that reasonable measurements for 
metal shim size could only be made for defects within about 0.8 mm of the 
illuminated surface, and only at distances as close to the line source as possible. At a 
depth of about 2 mm, the shim was barely detectable using line-scan thermography, 
and it can be concluded that stainless steel metal shim can be seen, but only in the 
near-surface region. The correlation between the ultrasonic C-scan curve and the line-
scan thermal response curves was satisfactory, further proving that line-scan 
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thermography is a valid method for metal foreign body analysis when just below the 
surface. 
Backing paper is a difficult foreign body object to detect and this is highlighted in the 
ultrasonic C-scan results and flash thermography thermograms. Without post-
processing procedures available for the line-scan thermographic technique, it is not 
capable of detecting baking paper and hence not a recommended method for this type 
of foreign body detection. 
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CHAPTER 6: CONCLUSIONS AND 
RECOMMENDATIONS 
The aim of this thesis was to achieve a greater understanding of the line-scan 
thermographic technique for the non-destructive detection of various types of defects 
in aerospace carbon/epoxy composites. The following defects were investigated: 
• Low energy impact damage 
• Back drilled holes 
• Delaminations 
• Foreign body objects; including Teflon® inserts, stainless steel metal shim and 
thermoplastic film (more commonly known as backing paper) 
An experimental program was undertaken involving the production of specimen 
panels made using woven composites with various architectures and tape laminates. 
The range of laminates incorporated variations in the following properties and 
processes were: 
• Materials architecture-prepreg tape and fabric, non-crimp fabric, non-crimp 
unidirectional fabric, plain weave fabric, 5-harness satin weave and 
preimpregnated carbon fibre woven fabric, 
• Lay-up sequence-orthotropic to quasi-orthotropic, 
• Resin system-Hexel F593, BMS 8-256, MMS 5024, MMS 5025, CYCOM® 
777-3 
• Consolidation process- RTM and autoclave cured prepreg. 
A large amount of new experimental data has been generated using line-scan 
thermography, and the results were critically examined in the context of their 
relationship to other non-destructive tests namely ultrasonic C-scan and flash 
thermography in relation to depth of visibility and size measurement. The generation 
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of this data and their critical analysis has made a contribution to the understanding of 
line-scan thermography and its limitations. 
6.1 LINE-SCAN THERMOGRAPHIC INSPECTION OF 
IMPACT DAMAGED COMPOSITES 
The detection, location and characterisation of impact damage in aerospace-grade 
carbon/epoxy composites using the NDE methods of visual inspection, ultrasonics, 
flash thermography, and line-scan thermography were experimentally investigated. 
New experimental data has been produced and analysed to determine the size of the 
damage and how line-scan thermographic measurements of damage size compare to 
the other NDE inspection methods. The line-scan thermography results were critically 
examined in the context of their relationship to visual inspection, ultrasonic and flash 
thermography. It was discovered that line-scan thermography can detect surface and 
near-surface impact damage which cannot be seen by visual inspection. Ultrasonics 
C-scan, on the other hand, tends to underestimate BVID damage whereas flash 
thermography overestimates the damage size compared to line-scan thermography. It 
was also found that line-scan thermography measurements made from the impacted 
side of the panels were not as accurate as measurements made from the non-impacted 
side because of the greater spread of damage towards the non-impact side. An 
important difference between line-scan and flash thermography is that heat flow in 
flash thermography is only in the z-direction (through thickness), while from line-scan 
thermography it is in both the in-plane (x- and y-directions) and through thickness (z-
direction). This heat flow pattern enables more accurate inspection using line-scan 
thermography. The FWHM results taken from the line-scan thermograph in 
thermography reveal that the closer the impact damage is to the line used for 
inspection then the accuracy of the measurement increases. However, to determine the 
best method of interpretation of resolution of results between maximum thermal 
response, thermal energy and FWHM, requires considerably more work to make 
accurate claims. 
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6.2 LINE-SCAN THERMOGRAPHIC INSPECTION OF BACK 
DRILLED HOLES AND DELAMINATION IN 
COMPOSITES 
The detection of back drilled holes and artificial delaminations in carbon/epoxy 
laminates was experimentally investigated using the NDE techniques of ultrasonic C-
scan, flash thermography and line-scan thermography and the results critically 
examined. The generation of this data and their critical analysis has made a 
contribution to the understanding of line-scan thermography and its relationship to 
back drilled holes and delaminations in carbon/epoxy composites.  
Back drilled holes from a panel thickness of about 6 mm and a depth ranging between 
2 mm to 3 mm revealed that this depth was too deep below the inspection surface for 
accurate line-scan thermography sizing but was capable of detecting the back drilled 
holes. It was found that there was satisfactory correlation between the ultrasonic C-
scan and line-scan thermographic results indicating that line-scan thermography is a 
valuable inspection tool, even for defects buried deep below the inspection surface. 
These results indicate, however, that further experimentation into line-scan 
thermography for the detection of holes is needed. 
It was shown that the line-scan thermographic process was capable of detecting 
delaminations up to a depth of about 3 mm, and the measured size was close to the 
ultrasonic C-scan results. Panels coated with Synskin® tended to give better depth 
visibility than panels coated with Synskin® and painted with high emissivity black 
paint. Overall, painting increase the accuracy of the delamination size measurement as 
compared to the C-scan measurements, but with reduced depth resolution. 
6.3 LINE-SCAN THERMOGRAPHIC INSPECTION OF 
FOREIGN BODY OBJECTS 
The detection of foreign body objects was experimentally investigated using Teflon® 
inserts, stainless steel shim and thermoplastic film (backing paper) embedded in 
carbon/epoxy laminates. New experimental data has been produced, and their analysis 
contributes to the understanding of the effect of foreign bodies in carbon/epoxy 
Chapter 6: Conclusions and recommendations 
 
 - 200 - 
composites. Based on the limited amount of specimens tested the following 
conclusions were made. 
Line-scan thermography is capable of detecting Teflon® and stainless steel shim, but 
is not capable of detecting backing paper. Teflon® was easier to detect than the metal 
shim due to its thermal properties. In all cases, foreign objects closer to the inspected 
surface were more detectable, and in the case of the metal shims, the detection was 
also highly dependent on the distance from the line-source due to cooling. It was 
found the line-scan thermographic FWHM results were very close to the known size 
of the foreign objects, whereas ultrasonic C-scan over-measured the size. However, it 
was found that there was close correlation between the line-scan thermographs and 
the ultrasonic C-scan intensity curves, indicating that line-scan thermography is a 
valid method in the detection of foreign body objects in carbon/epoxy laminates. The 
differences in the results from the ultrasonic C-scan results and curves to the line-scan 
results are due to the different methods of measuring the defect; with the C-scan being 
read straight off the screen through the analysis programme SCAN, while the line-
scan results require much analysis. 
6.4 FUTURE RESEARCH DIRECTIONS 
Line-scan thermography is a fast inspection method being approximately six times 
faster than conventional flash thermography [1]. However, there are at present no 
post-inspection processing analysis methods that are available as with ultrasonic C-
scan and flash thermography. The method of gaining data from the computer screen 
and then analysing the data using polynomial function analysis is time-consuming and 
can lead to errors. A combination of both the C-scan measurement system –SCAN- 
where there are functions to read distance (and hence size measurements directly from 
the screen), signal-to-noise functions as well as other convenient and accurate 
functions would enhance the line-scan thermographic technology. Flash 
thermography has post-processing functions which have been further developed since 
this study was undertaken and such devices would be useful in regard to line-scan 
thermographic analysis. The line-scan thermographic equipment used in this research 
project limited the size of the experimental panels that could be analysed. The 
equipment would benefit from a set-up whereby the line-scan thermographic 
equipment was mobile and the inspection panels stationary so as to accommodate 
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larger inspection pieces and to make the process more mobile. As suggested by 
Cramer and Elliot [1], a linear robotic scanner could efficiently transport the heat 
source and imager over large areas of aircraft, and thereby make it a useful inspection 
method for composite structures by the aerospace industry. 
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Appendix A: DETERMINING THE THERMAL 
PROPERTIES OF THE CARBON/EPOXY PANELS 
A.1 INTRODUCTION 
Theoretical prediction of the thermal properties of the inspection material is important 
in the analysis of line-scan thermography data. To examine the effect of line-scan 
thermography on the carbon/epoxy panel specimens, their thermal properties (k, Cp) 
in the through-thickness and planar directions are required. These properties were 
determined experimentally using carbon fibre prepreg fabric (Cytec 977-3/5HS6K 
0.35mm/ply). The measured density of the cured composite panel is 1.5 g/m3. 
A.2 EXPERIMENTAL 
A.2.1 In-plane Thermal Conductivity Panel  
The composite panels used to measure the in-plane thermal properties were made 
according to the specifications given in Figure A.1. The initial panel dimension was 
350 mm long x 260 mm wide and 2.4 mm thick with a [0/90]s lay-up. After cure the 
panel was cut into three smaller panels of 117 mm long x 260 mm wide x 2.4 mm 
thick. The thermal conductivities for the two in-plane fibre directions (00 and 900) 
were assumed to be the same, and therefore only the warp direction was measured. A 
thermocouple was embedded near the top surface of the panel to act as a control 
temperature gauge, Figure A.2. The middle panel had additional thermocouples 
inserted to measure the transient temperature gradient at 5, 10, 15, and 20 mm away 
from the heater edge Figure A.3, and the panels were stacked with the final 
arrangement shown in Figure A.4. The two outer laminates are used to minimise 
radiation losses from the centre measurement panel. The three laminates are 
surrounded by insulation to reduce heat convection to the atmosphere, provide a 
vacuum path, and protect the vacuum bag.  
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Embedded 
Thermocouple 
Figure A.2 Insertion of thermocouple. 
Figure A.1 AutoCad drawing of lay-up and dimensions of the panel for in-plane thermal 
conductivity testing. 
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   
Vacuum Bag Thermocouples Spacers
Heaters Laminates
Insulation (Kevlar)
Embedded thermocouple 
Spacers 
Heater Thermocouples 
Figure A.4  In-plane conductivity test set-up (a) schematic , [1] and (b) middle panel. 
 
(a) (b) 
Figure A.3  In-plane panel with thermocouple positions (a) actual panel (with 
template) and (b) schematic. 
(b) (a) 
Heat pad position 
Measurements in millimeters 
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A.2.2 Through-Thickness Thermal Conductivity Panel 
Two panels for through-thickness thermal conductivity testing were made according 
to Figure A.5. The panels were fabricated from 18 layers of prepreg with a [0/90]s lay-
up. Each panel was 150 x 150 x 6.3 mm. One panel contained five thermocouples 
while the other panel had none. The through-thickness panels are laid up for testing in 
the manner shown in Figure A.6. Two rubber separators were placed on the panel 
containing the thermocouples. A thermocouple was then placed between the 
separators to measure air temperature, Figure A.6(a). The control panel was placed on 
top of the rubber separators, Figure A.6(b). An additional thermocouple was then 
placed on the control panel and a heating pad placed upon this. This was the control 
thermocouple for the control panel, Figure A.6(c). The set-up was turned upside 
down and another thermocouple and heating pad placed on the embedded panel, and 
heat pad was placed on the embedded panel Figure A.7. This thermocouple was the 
control thermocouple for the panel containing the thermocouples. The panel was then 
bagged and placed in the oven, Figure A.8. 
 
 
-45°
0°
90°
+45°
Figure A.5  AutoCad drawing of lay-up and dimensions of the panel for through-thickness 
thermal conductivity testing. 
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Figure A.6  Lay-up of through-thickness conductivity testing. 
 
Double Layer of Rubber  
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Figure A.7  (a) Embedded panel with heating pad and thermocouple and (b) 
Schematic of through-thickness conductivity test set-up [1]. 
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A.2.3 Test Procedure 
All testing was performed in an oven and under. The thermocouples were attached to 
a signal conditioner which was connected to a data logger. Temperature readings were 
taken at 200C intervals from 200C to 1800C. After each reading the oven is heated to 
the next temperature level. The oven was required to reach a thermal equilibrium 
before the reading was made. Once thermal equilibrium was attained a thermocouple 
baseline measurement was taken, and this was used to eliminate small discrepancies 
between the different thermocouples, [1]. A FORTRAN program written by Dr X. L. 
Lui [1] was used to analyse the temperature results and model one-dimensional heat 
transfer in the composite panels.  
A.3 RESULTS 
A.3.1 Thermal conductivity of composite laminates 
Using the FORTRAN programme for each temperature range a thermal conductivity 
value was calculated at the average temperature for each temperature band. These 
results were plotted to produce an accurate thermal conductivity over the range of 
200C to 1800C, Figure D.9. Both the in-plane and through-thickness conductivities 
increase linearly with temperature linearly, although the in-plane one increases at a 
greater rate due to faster heat flow along the carbon fibres. Based on the results the 
thermal conductivity equations for the composite are: 
In-plane: κ⊥ = 1.18 x 10-2T + 2.0083                                             Equation D.1 
Computer used for data 
acquisition 
Figure A.8  Panel in oven in preparation for data analysis. 
Panels in oven under 
pressure 
Heat controllers 
for heat pads 
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Through-thickness: κ⊥ = 8.498 x 10-4T +0. 701,                     Equation D.2 
where κ is the thermal conductivity in W.m-1.k-1 and T is the temperature in 0C. At a 
temperature of 28.40C, the in-plane thermal conductivity is κll = 2.34 x 103 W.mm-1.K-1 
and the through-thickness conductivity is κ⊥ = 0.73 x 103 W.mm-1.K-1. 
 
A.4 SPECIFIC HEAT  
To analyse the data, the specific heat of carbon/epoxy is required. This property was 
measured by Professor Robert Shanks (RMIT University). The specific heat was 
measured using differential scanning calorimetry (DSC), and it increases at a linear 
rate with temperature as shown in Figure A.10. The line-of-best-fit was computed to 
be  
Cp = 3.2470T + 778.366.                                     Equation A.3 
For this series of experiments a specific heat of 0.87 J.kg-1.K-1 at a temperature of 
28.40C was used. 
Figure A.9  Thermal conductivity of the carbon/epoxy panel.  
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Figure A.10  Effect of temperature on the specific heat of the 
carbon/epoxy. The two dashed lies showed the measured results and 
the solid curve is a linear line-of-best fit. 
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Appendix B 
Table B.1  Cure schedule for pre-preg systems 
 
 
 
 
 
 
 
 
 
Steps  
1 Set autoclave to 1800C at a heat up rate of 500C/min and pressure of 100psi 
2 Maintain pressure during the full cycle cure. 
3 Apply an initial full vacuum (28 Hg/in). 
4 Vent when autoclave reaches 45psi. 
5 Cure for 120 minutes once the component reaches 1800C. 
6 After cure, cool down until component reachers 400C. 
7 Remove pressure and component 
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Appendix C 
Table C.1  Cure schedule for RTM Processing Systems 
 
 
 
 
 
 
 
 
Steps  
1 Heat resin in a vacuum chamber up to 800C and degas for 30 minutes.  
2 Pre-heat tool up to 1200C and check for vacuum integrity in the whole 
assembly (tool/piping/fittings). 
3 Increase tool temperature up to 1600C. 
4 Inject resin under vacuum conditions in the system. 
5 Maintain this condition for 75 minutes until full cure is complete. 
6 Cool down the whole system then open tool and remove laminate. 
7 Make a pre-trim of the laminate to remove resin rich areas, then post cure at 
1800C for 120 minutes in oven. 
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Appendix D: Comparison Curves of LST and C-scan 
Figure D.1  Comparison of inverted line-scan normalised thermal 
response  profile plot (at 17.7 mm/sec scan speed from non-impact side 
of Panel 6 at about 157 mm from line source) and C-scan profile. 
Figure D.2  Comparison of inverted line-scan normalised thermal 
response profile plot (at 22.1 mm/sec scan speed from impact side of 
panel 6 at about 81 mm from line source) and C-scan profile. 
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Figure D.3 Comparison of inverted line-scan normalised thermal 
response profile plot(at 17.7 mm/sec scan speed from impact side of 
panel 6 at about 170 mm line source) and C-scan profile 
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Appendix E: Line-Scan of Teflon® Inserts 
TEF #1 
TEF #1 
TEF #2 
t = 8 s t = 9 s t = 10 s 
t = 11 s t = 12 s t = 13 s 
t = 14 s t = 15 s t = 16 s 
Figure E.1  Application of line-scan thermography to detect damage from rectangular shaped 
Teflon® foreign body object (Type A) from toolside in Panel #21. Thermogram sequence reveals 
rectangular defects for only the first four defects over the period of the scan time of 16 seconds 
with a scan speed of 22.1 mm/sec. The panel is moving from the top to the bottom of the 
photograph with time. Panel coated with high emissivity black paint. Thermograms greyscale 
modified. 
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TEF #1 
TEF #1 
t = 1 s t = 2 s t = 3 s 
t = 4 s t = 5 s t = 6 s 
t = 7 s t = 8 s t = 9 s 
Figure E.2  Application of line-scan thermography to detect damage from rectangular shaped 
Teflon® foreign body object (Type A) from toolside in Panel #22. Thermogram sequence 
reveals rectangular defects for only the first four defects over the period of the scan time of 9 
seconds with a scan speed of 22.1 mm/sec. The panel is moving from the top to the bottom of 
the photograph with time. Panel: coated with Synskin®. Thermograms greyscale modified. 
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TEF #2 
t = 1 s t = 2 s t = 3 s 
t = 4 s t = 5 s t = 6 s 
t = 7 s t = 8 s t = 9 s 
Figure E.3  Application of line-scan thermography to detect damage from rectangular shaped 
Teflon® foreign body object (Type A) from toolside in Panel #22. Thermogram sequence 
reveals rectangular defects for only the first four defects over the period of the scan time of 9 
seconds with a scan speed of 22.1 mm/sec. The panel is moving from the top to the bottom of 
the photograph with time .Panel coated with Synskin® and high emissivity black paint. 
Thermograms greyscale modified. 
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t = 1 s t = 2 s t = 3 s 
t = 4 s t = 5 s t = 6 s 
t = 7 s t = 8 s t = 9 s 
Figure E.4  Application of line-scan thermography to detect damage from circular shaped 
Teflon® foreign body object from toolside in Panel #23. Thermogram sequence reveals Type 
B and Type C circular defects for only the first four defects over the period of the scan time of 
9 seconds with a scan speed of 22.1 mm/sec. The panel is moving from the top to the bottom 
of the photograph with time .Panel coated with high emissivity black paint. Thermograms 
greyscale modified. 
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DISC #1 
DISC #2 
DISC #1 DISC #8 
8
t = 1 s t = 2 s t = 3 s 
t = 4 s t = 5 s t = 6 s 
t = 7 s t = 8 s t = 9 s 
Figure E.5  Application of line-scan thermography to detect damage from circular shaped 
Teflon® foreign body object from toolside in Panel #24. Thermogram sequence reveals Type 
B and Type C circular defects for only the first four defects over the period of the scan time of 
9 seconds with a scan speed of 22.1 mm/sec. The panel is moving from the top to the bottom 
of the photograph with time. Panel coated with Synskin®. Thermograms greyscale modified. 
Note reflection. 
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t = 1 s t = 2 s t = 3 s 
t = 4 s t = 5 s t = 6 s 
t = 7 s t = 8 s t = 9 s 
Figure E.6  Application of line-scan thermography to detect damage from circular shaped 
Teflon® foreign body object from toolside in Panel #24. Thermogram sequence reveals Type 
B and Type C circular defects for only the first four defects over the period of the scan time of 
9 seconds with a scan speed of 22.1 mm/sec. The panel is moving from the top to the bottom 
of the photograph with time. Panel coated with Synskin® and high emissivity black paint. 
Thermograms greyscale modified. 
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Appendix F: Response curves for Teflon® foreign objects 
Figure F.1  Comparison of inverted line-scan normalised thermal response 
profile (at 11.2 mm/sec scan speed) for painted Panel #21 DEF #3 at about 
107 mm from centre of line source and a delamination depth of about 0.6 
mm and C-scan profile. 
Figure F.2  Comparison of inverted line-scan normalised thermal 
response profile (at 11.2 mm/sec scan speed) for painted Panel #22 TEF 
#2 at about 73.7 mm from centre of line source and a delamination depth 
of about 1.3 mm and C-scan profile. 
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Appendix G: Normalised LST thermal curves for Teflon® objects 
Figure G.1  Normalised Panel #24, TEF #1 tested at scan speeds. Panel 
coated with high emissivity black paint. 
 
Figure G.2  Normalised Panel #23, TEF #2 tested at scan speeds. Panel 
coated with high emissivity black paint. 
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Figure G.3  Normalised Panel #24, TEF #2 tested at scan speeds. Panel 
coated with high emissivity black paint. 
Figure G.4  Normalised Panel #23, TEF #7 tested at various line-scan 
speeds. Panel coated with Synskin® and coated with high emissivity black 
paint. 
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Figure G.5  Normalised Panel #24, TEF #7 tested at scan speeds. Panel 
coated with high emissivity black paint. 
Figure G.6  Normalised Panel #23, TEF #8 tested at scan speeds. Panel 
coated with high emissivity black paint. 
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Figure G.7  Normalised Panel #24, TEF #8 tested at scan speeds. Panel coated 
with high emissivity black paint. 
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Appendix H: Comparison of C-scan and LST response curves for Teflon® discs 
Figure H.1  Comparison of inverted line-scan normalized thermal 
response profile (at 11.2 mm/sec scan speed) for painted Panel #23, 
TEF #2 at about 53 mm from centre of line source and a delamination 
depth of 0.6 mm and C-scan profile. 
Figure H.2  Comparison of inverted line-scan normalised thermal response 
profile (at 15.4 mm/sec) for painted Panel #23 DISC #8 at about 50 mm from 
centre of line source and a delamination of about 1.3 mm and C-scan profile. 
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Figure H.3  Comparison of inverted line-scan normalised response profile (at 
6.7 mm/sec scan speed) for painted Panel #24 DISC #2 at about 73 mm from 
centre of line source and a delamination depth of about 1.3 mm and C-scan 
profile. 
Figure H.4  Comparison of inverted line-scan normalised thermal 
response profile (at 13.4 mm/sec scan speed) for painted Panel #24 DISC 
#8 at about 81 mm from centre of line source and a delamination depth of 
about 1.3 mm and C-scan profile. 
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